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SUMMARY 

A hazards  classification procedure has been developed  for chemical 
mixtures which exist  In propellant  and explosive manufacturing operations. 
The approach used  In developing  the procedure consisted of  the following 

™lPV   .     .''  a SUrVey WaS made of Pro"3s plant accident reports  In  the 
DOD Explosives  Safety Board  files and of available hazards analyses. 
These were  reviewed  in order  to identify  the  important  aspects  of  the 
problem  (i.e..   ignition modes,   stimulus  intensities and consequences). 
A survey of existing potentially applicable  tests was also  conducted  to 
identify the techniques previously used.     A preliminary procedure was 
then formulated and  the most promlsinR tests required by  the procedure 
were  evaluated expertaentally.     The evaluations  Included  tests  to char- 
acterize local   impact  initiation,   rubbing friction initiation,   local 
thermal  initiation,   regional  thermal  initiation,  electrostatic discharge, 
critical diameter,   critical layer  thickness,   tube  transition,   layer tran- 
sition,   mass explosion,  mass  fire,   and  firespread.     Tests were conducted 
0n/^nv  ix}pTOCB,3a  saraPle materials   (M30 pellets.  Ml strands.  M26 paste, 
and RDX slurry).     The  test  results were used  tc  scrutinize  the prelimi- 
nary procedure  and  identify necessary procedure modifications.     The haz- 
ards  classification proceJure was  then  finalized basedon  the changes  in- 

ttlul/i       ^  <  T<     Pr0cedure insists of  two parts:     (1)  a sensitivity 
evaluation to  Indicate  the likelihood of an initiation occurring and 
identify  the dominant stimulus  types and   (2)  an effects  evaluation to 
identify  the probable consequence of  an  initiation and  its severity 
Based  on  the effects evaluation,   the material  is  assigned  to be a classi- 
tication in a scheme very similar to  the existing NATO-UN system. 



BACKGROUND 

Oblectlve 

The oblectlve of the investigation described in this report is to 
develop a hazard classification procedure for chemical mixtures which 
exist  In propellant and explosive manufacturing operations.     The proce- 
dure developed is  to  form the basis of a regulatory guide to modify or 
supplement the existing "explosives hazard classification procedures. 
Apartment of  the  Army Technical Bulletin 700-2   (Raf.  ««     ^«^ 
procedures specifically do not address hazards which exist    during var 
loua  stages of manufacture and assembly."    The procedure developed under 
the present work is Intended to fill that void. 

The existing hazard classification procedure  (TB 700-2) addresses 
hazards  associated with T'-nal product explosives in transport and stor- 
age,   rather  than material  forms which exist during manufacture to.Wft 
process plants.     Such inprocess materials exist  in a wide variety of ma- 
terial  forms   (solids,  powders,   flakes,   grains/cylinders,  strands,  slur- 
ries,   liquids,  emulsions,  vapor-air or dust-air mixtures,  etc.).     These 
materials  are acted on by a wide variety of normal and abnormal opera- 
tion stimuli in a wide variety of process operations.     If an  ignition 
occurs,   the  result may be anything from a minor reaction which does not 
propagate  to  a massive explosion.     Other hazards such as toxic  gas pro- 
duction also exist,  but are not addressed here.     An   effective hazards 
classification procedure must address each of these factors in a realis- 
tic manner. 

Previous Program 

This report presents the results of the second project conducted 
by IIT Research Institute to accomplish the stated objective. The ac- 
complishments of the initial program (Ref. 2) Included: 

1. A survey of existing hazard classification schemes was 
made. Most of the existing schemes were found to have 
distinct weaknesses.  The NATO-UN system (Ref. 3) seems 
to minimize these weaknesses and was tentatively selected 
as the basis for developing the inprocess hazards class- 
ification procedure. 

2. The Department of Defense Explosives Safety Board (DDESB) 
accident records were reviewed to help clarify the haz- 
ards which have existed in process operations histori- 
cally.  This Includes both the accident consequences and 
probable causes. A statistical analysis of the collected 
data was conducted in order to help define the minimum 
stimulus energy which had to be present In the accidents 
to have caused initiation, assuming the accident reports 
cited the correct causes for the accidents.  Only 
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a sampling of the DDESB file was reviewed; the data base 
for statistical analysis was quite small In many cases; 
it was suggested that a more thorough search be conducted 
In the follow-on effort. 

3. A preliminary survey was made of existing (primarily 
sensitivity) tests, and the most promising tests for 
Incorporation into a hazards classification procedure 
were chosen.  Selected tests were experimentally evalu- 
ated using four inprocess materials as test samples. 
These sample materials were: 

a. RDX-H2O slurry to represent a conveying opera- 
tion i 

b. M30 pellets to represent a drying operation, 
c. M26 paste to represent a mixing operation, and 
d. Ml strands to represent an extrusion operation. 

The test evaluations included drop weight impact, strip 
friction, electrostatic discharge (ESD), differential 
scanning calorlmetry (DSC), critical diameter and criti- 
cal height.  It was concluded that for the standard im- 
pact, friction and ESD tests, in many cases the sample 
material form had to be severely altered from the actual 
inprocesp form in order to conduct the test.  This could 
lead to very unrealistic conclusions about the material's 
sensitivity.  DSC appeared to adequately characterize the 
material's sensitivity to ignition by a regional thermal 
stimulus. 

A. Based on the results of the investigations In the initial 
program, a preliminary hazards classification procedure 
was drafted. 

In general, the initial work helped to "define the problem." Classifi- 
cation schemes were identified and the NATO-UN scheme was selected as 
the most promising;  Accident consequences, accident causes, and igni- 
tion stimuli levels were identified based on a preliminary review of the 
DDESB accident file, but a more thorough review was needed.  Existing 
test methods were reviewed and selected.  These tests were experimen- 
tally evaluated, but the need for some modifications of existing tests 
was pointed out.  Very few existing tests could be applied directly to 
realistically characterize the hazards of Inprocess materials.  A "first 
iteration" procedure was drafted but after scrutinizing that procedure 
format in the intial steps of the follow-on program, the procedure was 
found to embody several deficiencies and a fresh look was needed. 

Program Approach 

The first task accomplished on the present program was to criti- 
cally review the work accomplished under the previouJ project.  Al- 
though a sound base was provided, many of the accomplished tasks re-t 
quired expansion.  The following program approach was taken In order to 
finalize the development of a hazard classification procedure for in- 
process propellant and explosive materials: 

3 
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Task 1;  Historical Accident Survey 

The relevant process plant accident reports in the DDESB file not 
reviewed In the previous program were collected, reviewed, and 
added to the reports which were previously collected.  The survey 
of the DDESB accident reports was conducted to determine what types 
of accidents have occurred historically and what stimuli were felt 
to be the causes.  In addition, by knowing what material was ini- 
tiated and which stimulus was the most likely cause, the minimum 
stimulus energy level which had to be present could be estimated 
in many cases.  This helped to "define our problem" by pointing 
out what consequences, ignition modes, and stimulus Intensities 
have to be represented by the procedure developed. 

Task 2:  Engineering Analysis Strvey 

To supplement the information sought under Task 1, hazards analyses 
conducted for process plants were also reviewed.  Stimulus types un- 
covered by the hazards analyses and stimulus energy levels ("inpro- 
cess potentials") estimated from hazards analysis engineering anal- 
yses were summarized in the same manner as was done for the DDESB 
historical data.  By corabiaing the results of Tasks l" and 2, approx- 
mate intensities of each stimulus type for each type of process op- 
eration were estimated. These values were later used to help define 
the significance of sensitivity test results. 

Task 3:  Survey of Existing Tests 

The survey of test methods which was conducted on the previous pro- 
gram was expanded and used to develop a list of tes^s which might 
be applicable to hazards classification of inprocess materials. 
This also showed which phenomena previous investigators felt were 
important and how they felt these phenomena could be characterized 
In tests. 

Task A:  Define Classification Procedure Structure 

Tasks 1, 2 and 3 showed which accident consequences are of major 
concern, which stimuli are most important in causing the accidents, 
and what tests have been used to characterize these hazards. With 
this Information, several options were seen to exist which might be 
used to classify the hazards of inprocess materials.  After decid- 
ing to use the procedure to assign inprocess materials to categories, 
the same or nearly the same as the NATO-UN categories a preliminary 
procedure structure was formulated.  During the program, the proce- 
dure structure went through many Iterations before being finalized. 

Task 5:  Select Candidate Classification Tests and Evaluate 

Based on the procedure structure developed under Task 4, candidate 
tests were chosen for experimental evaluation. The same four sam- 
ple materials used during the Initial project were used again to 



experimentally evaluate   the  tests selected  for hazards classifica- 
tion.     In many cases,   the  initial  form of  the  test had  to be modi- 
fied one or more  times before settling on a test  felt  to be suit- 
able  for the procedure. 

Task 6:     "Validate"  Procedure 

Using the  test data for the four sample materials  (where  test eval- 
uations were done)  and some sensitivity test    data from the  litera- 
ture   (where test evaluations were not done),   the classification pro- 
cedure was exercised.     The four sample materials were classified 
using  the procedure.     It  is not felt  that this is a  full validation 
of  the procedure.     A much more extensive validation of  the procedure 
for a wide variety of material  forms,  and  for  some materials with 
an accident history,   is strongly suggested. 

Task 7:     Finalize  Procedure 

After preliminarily  "validating"  the procedure,   the procedure was 
finalized.     The  final  procedure is presented  in Appendix E of  this 
report. 

As background,   some  discussion will be given to  the philosophy be- 
hind  the structure of  the hazard  classification procedure which has 
evolved out of  this program.     As mentioned previously,  it was decided 
early  in  the program to have  the procedure structured to assign inpro- 
cess materials  to  categories  in  the NATO-UN classification scheme or 
a scheme very much  like that one.     The NATO-UN system seems  to minimize 
the weaknesses noted  in  Reference 2  for the different classification 
systems.     The NATO-UN scheme is based on the consequences of an initi- 
ation and  is used  to specify quantity-distance  requirements.     The haz- 
ards which exist  in a process plant are actually related  to both  the 
consequences and  the likelihood of  the consequences occurring.     In  this 
sense,  hazards  classification should be more of a risk evaluation. 
Table  1 outlines  three of  the more obvious bases which  could be used  to 
identify an appropriate hazards  class.     The procedure should yield a 
classification which not only identifies  the worst possible  consequences 
(i.e.,   quantity-distance)  but  a  (perhaps separate)  number should also 
be assigned which  indicates how likely  the consequence is  to occur. 
Tills  second number would be based on sensitivity testing whereas  the 
consequence class   (giving quantity-distance) would be based on  the ef- 
fects   testing.     Critical dimension and transition testing helps  to 
Identify what  the worse  credible consequence  is and thus which effects 
tests should be  conducted.     The procedure developed under  this  program 
emphasizes  classification by  the consequence   (i.e.,   the NATO-UN system) 
but  also considers  sensitivity. 

In  the sections which  follow,  each of  the outlined program tasks 
will be discussed in greater detail.     The final procedure will be pre- 
sented with some  discussion of  the options which were considered.     The 
"validation" of  the procedure will be discussed,   and conclusions and 
recommendations  for further work will be delineated. 
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X^ Table 1 

Posslble criteria for claasifying inprocess materials 

1. Classify Based on the Consequence, e.g.: 

• airblast/fragments 
• fireball 
• sustained mass fire 
• firespread 
• minor consequence 

TELLS:  Safe Separation Distance and/or Required Structural 
Strength, Safety Features, etc. 

2. Classify by Material Sensitivity, e.g.: 

• local impact A 
• "gional Impact       \     # eag        ed 
• ^ngement V     # difflcult to <     ite 
• rubbing friction       ? # wm ^    u 

• local thermal 
■    regional thermal | 
• electrostatic discharged 

TELLS:  How Likely an Ignition is and What Safety Precautions 
Should be Taken to Minimize the Possibility of an Ignition 

3. Classify by Total Risk to Life and/or Structures 

RISK -  Likelihood of Ignition x Extent of Damage 
v ^ "    ' v ' 

Sensitivity Consequence 

TELLS: Safe Separation and/or Structural Safety Design Require- 
ments with an Assessment of the Urgency Based on Likeli- 
hood of Occurrence 



ANALYSIS OF DDESB ACCIDENT DATA 

Early in 1978, IITRI personnel visited the DoD Explosive Safety 
Board to collect the remaining process plant accident data (data not 
compiled on the previous hazards classification program).  The accident 
reports which were newly collected were reviewed and tabulated.  If an 
accident report did not specify the most probable initiation stimuli 
(e.g., most short telephone reports), the probable cause entry on our 
table was "Unknown; No Specification", and the incident was not used 
in the statistical analysis.  This was different from the statistical 
analysis of the prior contract, where unknown causes were used as data 
points for all of the initiation stimuli types. 

Next, the accident reports compiled under the previous contract 
were added to the new list.  In many cases this involved recategorizing 
the incidents into the new categories of process operations.  A summary 
table was developed combining the newly collected data with the inci- 
dent reports collected under the previous contract. This table is pre- 
sented in Appendix A. A summary of the incident reports documented in 
the DDESB file is presented in Table 2.  Table 2 lists the different 
categories of process operations and the number of accident reports in 
the file which involved each of these operations.  Not all of the re- 
ports in the DDESB file gave probable cause.  For those reports which 
cited one or more probable cause, the distribution of probable causes 
for each operation type is given in Table 3. 

The accident data was grouped as shown In Table 3, by process oper- 
ation and ignition stimulus type.  For each group, a statistical anal- 
ysis of the usable data was accomplished to help estimate the different 
stimulus energy levels which would have had to have been present from 
the operation (normal operation, off design operation or accidental 
failure mcde) in order for the energetic material present to have been 
initiated. The  method that was used to accomplish this can best be ex- 
plained using an example.  Suppose we are analyzing a fictitious type of 
process operation known as "spraying".  Suppose also that there were 
seven impact and five thermal "spraying" incidents uncovered in the 
historical file.  When we evaluate the thermal "spraying" cases we find 
that thermal sensitivity tests were done for only three of the materials 
Involved.  Without doing further sensitivity tests at this point in time, 
we only have three cases which can be used in the statistical analysis. 
Each of these cases is interpreted in the following way.  If in case A, 
the material involved is known to have a thermal ignition point of 350oC 
from prior sensitivity testing, we assume that at least 350oC had to be 
present in the process operation in order for the ignition to have oc- 
curred by a thermal stimulus. Therefore, the distribution of energy 
levels represented by the historical data represents the minlroum energy 
levels which are expected to have been present in order for the mater? 
als involved to have been ignited. These data do not always conform to 
a normal distribution.  Tills was clearly seen by plotting the number of 
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Table 2 

Suannary of Incident reports documented from DDESB file 

Process operation 
Number of reports 

documented 
Percent of Incident 

reports in each category 

Belt Conveyors 
Screw Conveyors 
Bucket Conveyors 
Pr. umatic Conveyors 
Hoppers 
Tote Bins 
Screening, Sieving, 
Sifting 

Pressing, Cartrldglng 
Extrusion, Rolling 
Mills 
Glazing, Coating, Batch 
Drum Operations 

Drylng, Dry House, Oven 
Melt Pour, Casting 
Chutes 
Reactors 
Washing 
Mixing 
Gravity Separators 
Centrifugal Separators 
Product Pumps 
Filters 
Flaker Drum, Belt Flaker 
Distillations 
Solvent Recovery 
Mix-Melt Mix Operations 
Recystalllzatlon 
Neutralizing 
Packaging/Filling (dry 
materials) Assembly, 
Loading/Unloading; 

Transfer 
Machining 
Maintenance 
Storage 

TOTAL 

4 
1 
0 
1 

19 
1 

15 

11 
26 

6 
63 
25 
0 

32 
5 

7A 
3 
0 
6 
2 
0 
3 
6 
0 
2 
2 

114 
21 
40 
13 

579 

0.7 

3.3 

2.6 
U.5 
1.9 
4.5 

1.0 
10.9 
4.3 

5.5 
0.9 

12.8 

1.0 

1.0 

19.7 
3.6 

100 

U*h v-V ., r .••?■» 
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occurrences at each energy level as a function of energy level. However, 
by assuming the data conforms to a normal distribution and by computing 
the mean plus one standard deviation, we have a consistent procedure for 
selecting a process energy level which should represent a "high inprocess 
value."  If the distribution were normal, the mean energy level (p) plus 
one standard deviation (o) would include about 84 percent of the cases. 
Two standard deviations would include about 98 percent of the cases and 
three standard deviations would include about 99.9 percent.  Since many 
of the distributions are not normal, the p + a value is merely a consis- 
tent technique for selecting an inprocess energy level which should be 
a relatively high value for a process operation.  Figure 1 presents the 
energy levels derived using the data for all process operations as a 
single sampling for each stimulus.  Bars showing the mean and one stan- 
dard deviation spread are shown for impact, friction, ESD, thermal and 
impingement ignition stimuli.  Similar bars have also been developed 
for all the subsets of data (process operations and stimulus types). 
These are summarized-in Table A. 

Two points concerning Table 4 should be noted.  First, whenever 
only a mean stimulus value is shown, this implies that no deviation in 
the energy level data was present.  In other words all the data was at 
the same level or only one data point was available.  Second, in many 
cases a note is made of the number of incident reports citing other 
types of stimuli.  When these other incidents are mentioned, a statis- 
tical analysis for those stimuli could not be accomplished because sen- 
sitivity data was not available for the materials involved. 

10 
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Impact 

\i   -  3.81 

a  -   3.45 

7.26 

3.81       x   104  -, 

0.36 
7.26   x   104   -, 

Friction 

P   -  2.48 

a  -   1.75 

4.23 

2.48 

.73 

x   108   ^ 
n 

4.23  x   108 S- 

ESP 

P   - 

o 

1.06 

3.32 

4.37 

1.06 

•2.26 

seems very high 

joules 

4.37 joules 

Thermal   (not runaway reactions) 

V   -   328 432 

o -   105 —'328 

223 

Impingement 

|l    - 152 
152 

0   - 0 
m 
s 

4320C 

152 ^ 
8 

Fig 1 Total sample categorized by stimulus only 
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Table 4 

Sumary of atatlstlcal analysis of historical data 

Process operation 

Melt pour casting 

Pressing 

Reactors 
(all nltrators) 

Extrusion 

Hachlnlng 

Mixing 

Drying 

Washing 

^t^mulus type 

Impact 
Friction 
ESD 
Thermal 

Impact 
Friction 
Also had one thermal, 
ten adlabatlc compres- 
sion and one compres- 
slon/plnch cases 

Friction 
Thermal 

Impact 
Friction 
Thermal 
Also had three adlabatlc 
compression cases 

Impact 
Friction 
ESD 

Impact 
Friction 
ESD 
Also one electrical, one 
thermal hot spot and 
three thermal exothermic 
cases 

Impact 
Friction 
ESD 
Thermal 
And one electrical case 

Impact 
Friction 
Thermal 

Mean 
stimulus level 

6.11 
2.5 
0.5 
327 

3.54 
3.46 

0.378 
319 

1.0 
1.68 
167 

Mean plus one 
standard deviation 

9.39 

423 

6.76 
5.41 

0.527 
415 

1.0 
3.07 

0.34 
3.37 
0.26 

3.48 
3.98 
0.014 (person 
charge 0.015) 

2.79 
4.01 
0.0084 
384 

2-2 
0.49 
465 

4.25 

5.17 
6.51 

6.48 

0.0163 
481 

0.89 

^nits for stimuli are: Impact 
Friction 
ESD 
Thermal 
Impingement 

J/m* x lO"* 
w/m x 10 
Joules 
"C 
m/s 

12 

i^V-'^ 
-, r - —i — .->.--crqrr 



Table 4 

Summary of statistical analysis of historical data (concl) 

Process operation Stimulus typi 
stlmul 

Mean 
us leve 

4.45 
1.15 
0.0028 
charge 
249 

Me4 

L    stand, 

(person 
0.015) 

in plus one 
ird deviation 

Maintenance Impact 
Friction 
ESD 

Thermal 

7.63 
2.61 

303 

Storage Thermal 
Also two friction cases 

289 384 

Neutralizing Impact 
Friction 
ESD 
Also one electrical case 

2.5 
0.292 
12.5 

Recrystalllzatlon Impact 
Friction 
Thermal 

6.8 
4.29 
216 

1 

Separators Thermal 
Also one 
friction 

Impact and one 
case 

222 

Hoppers Friction 
ESD 
Also five Impact cases 

2.03 
1.26 

3.46 

Product pump Impact 
Friction 
Thermal 

8.5 
3.59 
250 

■ 4.42 

Screw conveyors Impact 
Friction 

2.5 
0.97 

Belt conveyors Friction 
Also one Impact case 

0.291 • 

Filling Impact 
Friction 
ESD 
Also one thermal 
Impingement case 

and one 

3.63 
1.8 
0.107 

8.27 
3.30 
0.45 

Screening Impact 
Friction 
ESD 

Impingement 

3.11 
3.4 
0.0063 

152 

5.33 
4.45 
0.013 (person 
charge 0.015) 

Mllllug Impact 
Friction 
ESD 
Also one adlabatlc com- 
pression and one thermal 
case 

1.20 
3.22 
0.014 (person 
charge 0.015) 

1.49 
4.50 

13 
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ESTIMATES OF INPROCESS STIMULUS ENERGIES 
FROM HAZARDS ANALYSIS REPORTS 

In order to cross-reference Che stimulus energies ectlmated from 
the historical data and to assure that no credible Ignition modes were 
missed In the historical data, process plant hazards analysis reports 
readily available at IITRI were reviewed.  The reports from which date 
was collected are llst»"i In Table 5.  This list doer,  not by any  means 
Include all hazards analyses that have been done.  A much -nore compre- 
hensive survey of hazards analysis reports Is likely to Improve the ac- 
curacy of the Inprocess stimulus energies estimated by this technique. 
Thp data In the reports was categorized b' process operation and sti- 
mulus type.  Just as was done for the historical data, the mean plus 
one standard deviation stimulus level was computed for each category. 
In Table 6, the Inprocess energies from the historical data and hazards 
analysis engineering analyses are sumnirlzed.  The table shows t'.ie mean 
and mean plus one standard deviation of the Ignif.on energy (or energy 
related parameter) In each category.  Where comparisons between the his- 
torical data and engineering ana'ys^s could be made, ttu values were 
generally comparable.  Impact was an exception to this.  For Impact IT 
"melt pour-casting operation," "wash, mix and hold tanks," and "product 
pumps and valves," the historical data values were significantly lower 
than the engineering analysis energies.  This In turn influenced the "all 
operations" category for Impact.  The friction, ESD, and regional thermal 
stimuli showed generally good agreement between the historical and en- 
gineering analysis values.  There was no historical data for the local 
thermal, impingement, and intermediate scale Impact stimuli, so a com- 
parison could not be made in those cases. 

The approach taken in selecting the Inprocess potentials'" in e-ich 
category was the following.  A "typical high" value was desired in e«ch 
case; therefore the mean plus one standard deviation (x + o) values were 
used.  Where oi.ly one value (historical or engineering analysis) existed, 
that value was used, at least as a guide.  Where two values existed, 
the higher value was used, unless It was suspicious foi sone reason. 
Where no value existed for a specific process operation, th3 "all opera- 
tions" value was used.  In some cases, these criteria were everridden. 
For example, in cases where an ungrounded person car, be present, the 
electrostatic discharge energy from the person will be aboat 17 milli- 
joules and the inprocess potential should be at least that value.  Like- 
wise, in areas where welding could occur (either as .'. g^oss human error 
or as an accepted practice) local hot spots from welding sparks should 
be on the order of about 1000oC (cooled from molten steel at l4930C). 
Therefore 10000C is the minimum value that should be used. 

After several iterations using this approach, combining similar 
categories to Increase the data bases for the statistical analyses, and 
filling in voids using values derived for similar categories, the in- 
process potential energies given in Table 7 were arrived at.  It is felt 
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Table 5 

List of hazards analysis reports surveyed 

Petlno, G. J. 

Petino, R. J. 

Kristoff, F. T. 
J. DeCUovannl 

AlbauRh, L. R. 
Hunt, R. C. 
Walker, W. L. 

DeClovannl, J. 
Smith, D. 

Carmack, Sam A. 
Hansard, H.B. Ill 

Asburg, R. L. 
Evans. J. I.. 
Ragland, R. S. 

Morlta D, R. 
Pape, R. 

Pape, R. 
Joyce, R. 

"Engineering Analysis of Equipment and Identification 
at Hazardous Areas In the "L", "K" and "N" buildings 
Phase II Task II Report Hazards Research Corp. June 
1975. 

"Engineering Analysis of Equipment and Identification 
of Hazardous Areas in the "I" Building" Phase 11 
Task I Report Arpil 197A. 

"A Hazards Analysis study of the contlnous TNT 
Manufacturing Plant" Radford Army Ammunition 
Plant Hercules, Inc. May 1971. 

"Hazard Evaluation of the Sunflower Second Generation 
Mechanized Roll Complex Allegany Ballistics Labora- 
tory, Hercules, Inc. July 1973. 

"Hazards study of the contlnous TNT Manufacturing 
Plant Extension of PE-2A3 (General Support) 
Picatlnny Arseral Radford Army Ammunition Plant 
Radford, Va. October 1, 1973. 

"Hazards Analysis of a Centrifugal Pump" Hercules 
Inc. Allegany Ballistics Laboratory for llolston 
Defense Corporation November 1971. 

"Hazards Analysis of the Prototype Continuous 
Filtration and Wash Process at Building E-l 
Holston Defense Corporation Development and 
Control Report No 75-0016 May 1975. 

"Hazard Analysis and Safety Evaluation of Propellant 
Manufacturing Porcesses", Final Engineering Report 
on Production Engineering Project PE-A06, Radford 
Army Ammunition Plant Hercules Inc. Radford, 
VA July 1977. 

"Hazards Analysis of the Final Design of the Improved 
Black Powder Process" I1TR1 Final Report J6329, For 
ICI United States, December 1975 

"Electrostatic Hazards Analysis of a Powder Handling 
facility "IITRI Final Report 8277, April 1977. 

15 



o   o   o^ 

O    f-    r-» 
»o     o   o   o 
o  »*   **  ~* 

(^    CD                      ao    t> 41 —• 
3«x>   ^          o   ocy»   P^     O   O C > 
■•00      -*^»oo<-«^-t oa 
*   ^*   ■■*                      •■•  •"< «     -o 
<                             XX                       X      X -3  « 

XX                       XX "  ^ -j 
3                           <N<N                      -O    t-sj « —i   v. 

  "O 
■«u^>»          ^    <T     fsi    u-.    vp    ^-f CCC 

Or»- <N       OO    000    JO 
—»0 Of-«^«-<00 

V  « u 
e E tn 
■ ■ 

tf>   O    N   #4 

<r   ^  ^   CM r-«   ff.   »/>        «—• C^CM        f^pHmi-tirtrM 

o ^-« -* 

»   00   00 
o   o   om 
--•  —■  ^*  o 

^        3 

5 

<0    + 
Cl 

■H   IX 
■J   Irt   to   ^ 

o •-< ^ 

cc   or   00 
00     OOO 

•-?   a)   <N eo r« 

—*    yO •-<     —*    ,^ 

O    0.f\    >J    »» O 
—   -*   o   o   o •-• 

XX x 
XXX 

o    O    «0    ^^    00 <tf 

<M   •-•   rn   CJ    ^y rsi 

eg   (M 

-^    4 ■ 
U   IX 

Ut      ^      ^4      r4 

9 w-v -* in 
0 

O ~ O 
-■* 

x X X X 
X X <« in •^ ao «-* 0 —• fM 1-     CO 

IN tS\ *M 

vT *ff 
00 CM     «> 

0*1 O 
o ^ 

»n    «»    p^ 

—*    »r»      X    (M 

en    f^    ^-<    —4 

O —• 

b /■ 1 . •    . - J      ;_, 

x        vi    nr  n. v 
•1*4 11 ;' ^ 
1-   ;: —*   >  »*'   «J —• 

e 5 

■o        *J   Jt 

eo  et js   «i 

>:   to  -*  t/i  o 

i     i-C-^-^—   ir^     f? 
fl    C    O    -X   1! 

i- -   - !■ 

16 

^1     fM     CM .-J       -j      ri      r i      ~j 

^^ 



01  U 

■O E u 

C U 

V. 

00 « 

a e 

w       1 

Ul 

c 

08     + 

<a Ix 

«   + 
■M    IX 

(-1 ^ 
N ^ 

00 
J- 

J --* 

S 3 

S S 

c **■ 

JZ ^— 

3E 
c 
n   IX 

U --N 

o <s  ^  p* 
O    O    CM    O 

rg o 
-* o *0 
o ^H <NJ 

C3 o o 
M » 
Y «i c >■ s c o * 
U, > *J 

*J a h Ml 
H « a. 
D3 • o P< 

>.      >        CJ      LH 

c   u   o   ^ 

t § I.   —. 

GQa3cn(x.xHv)a.uj 
u ca  o  >:   u  IK: 

« c 
5 « 

(0 O. •    C X    -M ki 
a—<B E    o       —   u. ai 
(/iec&<«> u    u- tn,   oc  x. 

3 > O      «   >-.    ^      C      C      3 
>,    «M       u •»«       M _«   U     ^^      -^     i^       Vi 
u-.-tuidhW'-iofoi&ocu 
-.■•   k.   3>   o)   0)-4>z:   «Q*^V) 

OTJt-iqcflUKUUU 
l-i   C    -^    ^     ■'-'   OJ     —•     «     q      « 

CN.   r^   ^j   m   *D 

17 

^*^----f^;?\*ii*f*pm&Km'&',i**^t,*&* 



m 
a 
a 
o 
-i s: 

n O .-) o o r^ o g o o o o o 
.-i O r^ o O l-~ r^ q o Ci o o o  ^ 
o O Cst < o O .-( O o CNl o O o o < 
rH ^H Z   ^H ^H .—i t-i ^-4 -—< .-1 —I  55 

< <: <: o < 
SS. Z Z f-t z 

o      o o o 
o      o o o 
o < o o o < 
rH 2   ^H   ^   rH   Z 

6 1—> o P ^ 

a- 
m en o O o 
CO 00 o o o 
t-H   >-H   rH   i—!   <—4 

ID n n w to a o o o o p-i O  ^ f^ CJ> ■H 
o o O <T oo O   CO  tM 5 u 
^H *-( I-H n f—1 »-t -^ -^ >-* 5. 

o « a « 
r~ O r-) ^j rn n 
M O 00 CM 00 00 

cu C^l c>J <-t a —i —i .-i 

en ^H ^^ 
o o o o o 
O  O   O  ^H  CN 

o o o o .   .   .   . < 
CM f-H  O O  2 o o o o o 

o o o      o .   .   . <   . 
o o o z o 

o o o o o o 
O O O .H —( o 

&0   S 

a: . 

00 00 00 r^ oo 
o o o o o 

00   00  00   00 00 
o o o o o 

oo oo oo oo a> 
c o o o o 

0Q   00  C^   CTv 00 
o o o o o 

00  f*> 00  ^ 00 00 
o o o o o o 

x   x   >: 
0\  &\  &\ 

X    X 

-H   Ov 

X   X   X   X   X 
ON ON  ON ON ON 

X X   X 
O^  ON 

x  x x  x  x 
<f   ON O   NO   ON 

-»   -^   SI   ^H   -» -» -r <i -3- <r <T sj ^ sr 

X   X   X   X   X   X 
ON CNJ   lA •-«   ITI NO 

. rs    •    ■ CM CNI 
sr    • so CM    •    • 

■H -» ^ 

"l      c 
XI       -j 

a 

c 
u 
e '-N a 
dl    Ul O O O f) o 
60^ ^^   ^-4   -H   CNI   ^-4 
C   E 

•*-4   v_- 
a 
E 

< o 
Z H 

O O  < O  < 
rt -- Z rt Z 

<  < < NO < 
2 2 Z CM Z 

o •< < o ■< o 
--( Z  Z <-l Z NO 

in 

g-     S 

sj <T -^ NO sr 
o o o o o 

a     E 

■r ^ <r -* sj 
o o o o o 

sr <T NO -J NC 
o o o o o 

NO sr NO NO ^J 
o o o o o 

^j in *j m -^ ^ 
o o o o o o 

XXX        xxxxx xxxxx 
m ft sr <^> si 

NO   ITN   NTt  CN   iA NA N.'N xi in -"j 

X   X    X   X 

m o ** fn 
X   X   X   X   X   X 

m NO en NO •—♦ oo 

^ in ^H r^ tn in rg m rt rsi sr 

o 
u 
0- 

T. 
E 

I-    u 
u >. o  tn 
O a; >N >N 
>> > o  « 
o; c > 
> o c  o 
c o 
o 
O    4J 

(U 
4-i J: 

^  o 
«    3 

4-1 CT 

E UJ 
3 D. 
oi a. 
c o 

00 
B 

U)   M C 
C   C    00  C 

■H   -H    C   -H 
.O    C   -H    U! 

0)    U)    3 
a   OJ   '-^   VJ 

i 
a 

M 
c 

in       —*  u 

co co w a. s: 

v<   _ 
O   O   V4   x 
H i/) a- UJ 

c 
c- m 
i a> 

4-J 4-1 
■-< 3 
O SI 
T. O 

c 
CO 

T3   tn 
rH    li 
O    0 

E   >■ 

■ 
» > 
o a 
4J     > 
a 
U   TO 
CO   C 
a ra 
<u 
in  <n 

ex 
lH E 

CO 3 
00  O. 
3 

b 
v > 
o 
tl 

V4   b 
O W   '-N 
j: *J  c >. 
.0    C     O    1J 

»44     >     4J   ^^ 
f-(     CO 

4J   O   V'   00 
•-<  w  ai c 
04        c- ■-- 
^J       .    O   r-l 

in      *-♦ 
• c   x -n 

E     O    -H   »4-t 
3 -H   E ' 

<rl h 3 a 
> U T3 4-» 
CO C O t-t 
u a u —i 
o U d. u. 

o 
x> 

00  00 .o 
C   C   3 

r-l   »H   -H    T^    V4 
i-i -H  o)  oo c o 
O   -r^     E     CO   -H     W 
^ u   i ^: £ 
co  m   x  o   o 4-> 

•-1   "H   -H    CO    CO    0> u. o Z a. s 3 

~ CM r"l si  in NO r- CO Ov O r- r-4 c" -j  in vo »s- oo ON o 
rH   t-l   r-*   rH   CNI 

—■ CM en -j in vo 
CM CM   CM  CM   CM CM 

s 
O 
v- 
01 
a. 
o 

-o 
c 
o 
CJ 

M 
c 

■a 

a 
o 

18 

t-: *:■,'■ 
.       -- -r^»->^  TjsarrsoKs*- 

■w* 
.v:- 



that this list should be carefully scrutinized.  It is based on somewhat 
weak data.  For example, the statistical analysis of historical data 
only roughly sets a lower bound for the inprocess stimulus energies and 
many of the hazards analysis values might be considered "back of the en- 
velope" estimates. Many process operation—stimulus type categories had 
no entries and a rough estimate or extrapolation from another category 
had to be made.  As will be seen later, these values are quite important 
in the sensitivity portion of the classification procedure. The sensi- 
tivity class is assigned based on a safety factor, SF, defined 

SF Sensitivity Test Energy 
Inprocess Energy 

The denominator is obtained from Table 7, so a misleading entry in Table 
7 can wrongly classify the sensitivity of the materisl.  Fortunately, 
the major classification (NATO-IX type) is based on the effects testing, 
not sensitivity testing.  The seusitivity evaluation is merely used as 
an indicator of the urgency of pi-oviding the safety features defined by 
the effects evaluation. 

Not all stimuli are expected to be a problem for each of the pro- 
cess operations listed in Table 7.  In the final procedure, a table is 
provided showing which sensitivity tests must be done for materials in 
each process operation.  The tests required for each process operation 
were chosen by asking, "what initiation stimuli are credible and must 
be considered for this operation?" A table was developed in this way 
with the background gained from the historical data and hazards analysis 
reports.  The table is presented in Appendix C.  This was used to select 
those sensitivity tests which make sense for each of the process opera- 
tions considered. 
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SURVEY OF EXISTING TESTS 

To determine what  te*^methods are already available and possibly 
useful  in classifying inprocess materials,  a survey of past and existing 
tests was conducted.    A tremendous variety of  test methods exists.     Each 
laboratory has  its own special purpose  tests and versions of  the more 
standard  tests.     This survey of  test methods was  certainly not all  in- 
clusive,  but should be representative of  tests with potential useful- 
ness  to  this hazards classification application.     The  reports listed  in 
Table  8 were surveyed.     The  tests which were uncovered wiU be summarUed 
for each general  type of  test.     Appendix B  (extracted  from Reference 2) 
provides descriptions of many of  the  tests discussed  in this section. 

Small   Scale  Impact 

This category of  tests must evaluate  the  likelihood of  initiation 
of  the sample material  to a localized impact  stimulus such as  from a 
dropped  tool,   a person hammering,  a dropped cover,  an agitator impact, 
a part   failure during operation,  a person chipping off residue,  etc.     A 
variety of drop weight  impact mechines exists.     These  include versions 
developed at  the  Bureau of Mines   (BuMines),  Naval  Ordnance Laboratory 
(NOL),  Los Alamos   (LASL),  Naval Weapons Center   (previously NOTS),  Pica- 
tinny Arsenal   (PA),   Bureau of  Explosives   (BuE)  and Lawrence Radiation 
Laboratory   (LRL).     Variations  in  the machines  include: 

• unconfined  sample versus  sample  in a cup 

• smooth surface versus surface with t;rit 

• direct   impact versus  impact  through a striker/plunger 

• matched drop weight  to  striker weight versus small  striker 

• different materials of construction 

t •    various methods of  preparing the sample 

! •    results  in  terms of drop height versus other recording 
techniques. 

Other localized   impact  tests  include a small  scale "flying" plate  im- 
pact   test   (e.g..   Table  8,   Source  8-23), the bullet  impact   test   (Table  8, 
Soi.-ce  8-2),   the LASL large scale   (SPIGOT)  impact  test   (Table 8,   Source 
8-3)   and  the  thin  film propagation test. 

When deciding which local  impact  test has most promise for hazards 
classification of   inprocess materials,  several  requirements of  the test 
w-re  set.     First,   the apparatus must be capable of applying an  impact 
stimulus which  is a  reasonable  full  scale  simulation of actual  localized 
impact  situations.     This means  that  the  test  impact area should be on 
the  order of   the impact  areas produced by  the cases  listed above   (drop- 
ped   tool,   etc.)  and  the apparatus'   maximum impact energy per unit  area 
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Table 8 

Reports surveyed for hazards classification tests 

8-1  Schwartz, A. C., "Flyer Plate Performance and the Initiation of 
Insensitive Explosives by Flyer Plate Impact,"■' SAND 75-0461, 
Sandia Laboratories, December 1975. 

8-2  "Safety Performance Tests for Qualification of Explosives," NAVORD 
OD 44811, Volume 1, Naval Ordnance Systems Command, 1 January 1972. 

8-3  Walker, G. R. (ed), "The Technical Cooperation Program, Manual of 
Sensitiveness Tests," Canadian Armament Research and Development 
Establishment, February 1966. 

8-4 Dorough, G. D., et al., "The SUSAN Test for Evaluating the Impact 
Safety of Explosive Materials," UCRL 7394, University of Califor- 
nia, Livermore, August 1965. ; 

8-5  King, P. V. and A. H. Lasseigne, "Hazard Classification of Explo- 
sives for Transportation, Evaluation of Test Methods - Phase I," 
Department of Transportation, Final Report TSA-20-72-5. 

8-6  Lasseigne, A. H., "Hazard Classification of Explosives for Trans- 
portation, Evaluation of Test Methods, Phase II," Department of 
Transportation, Final Report TES-20-73-2, May 1973. 

8-7  Wilcox, W. R., "Evaluation of Test Methods for Pyrotechnic Hazard 
Classification," NASA National Space Technology Laboratories, 
Contract No. NAS8-27750, Edgewood Arsenal Contractor Report EM- 

- CR-74051 (EA-4001), March 1975. 

8-8  Cook, M. A. and R. T. Keyes, "Large Scale Drop and Projectile Im- 
pact Sensitivity Tests of Nitromethane," Report No. 11-NM2, Inter- 
mountain Research and Frgineering Co., Inc., Fuly 1958. 

8-9  Cabbage, W. A. and T. W. Erving, "A Compilation of Hazards Test 
Data for Propellants and Related Materials," RAD 100.10, Final 
Engineering Report on Production Engineering Project PE-489 
(Preliminary), AMCMS Code 4932.05.4289. 

8-10 Avramic, L., et al. (ed), "Proceedings of the Conference on the 
Standardization of Safety and Performance Tests for Energetic 
Materials - Volume I," ARRADCOM Special Publication, ARLCD-SP- 
77004, September 1977. 

8-11 Baker, W. E., "A Review of Current Hazards Classification Test 
Methods," ir Proceedings of the Conference on the Standardization 
of Safety and Performance Tests for Energetic Materials. 

8-12 Dinsdale, V. T., "Hazard Evaluation of Solid Propellant Systems 
from Research to Missile Flight", paper presented at the American 
Ordnance Association Meeting held at Wright-Patterson Air Force 
Base, Ohio, 22-24 September 1964. 
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Table 8 

Reports surveyed for hazards classification tests   (concl) 

8-13    Domalski,   E.   S.,  "Test Methods  for Assessing the Thermal   Instabil- 
ity of  Hazardous Materials,"   in Proceedings of  the Conference on 
the Standardization of  Safety  and Performance Tests  for Energetic 
Materials. 

8-14    Leining,  R.   B..  et al,  "Air Launched Missile Motor Behavior," 
AFRPL-TR-78-54, Technical Report (Special) prepared for Air Force 
Rocket Propulsion Laboratory, Director of Science and Technology, 
Air Force  Systems  Command,   Edwards AFB,   California,  August  1978. 

8-15    Mason,   C.   M.,  et al.,  "Drop Weight Testing of Explosive Liquids," 
Report of   Investigation 6799,  U.S.  Department of  the Interior, 
Bureau of Mines,   1966. 

8-16    Napadensky,   H.   S.   and R.   Joyce,   "Development of Hazards Classifi- 
cation Data on Propellants and Explosives,"  AARADCOM Contractors 
Report ARLCD-CR-78035,  November 1978. 

8-]7    Nestle,  W.   R.,   "Formulation of Hazard Evaluation Indices  for Pyro- 
technic  Processes," NASA National  Space Technology Laboratories, 
Contract No.  NAS8-277jO,   Edgewood Arsenal Contractor Report,   EM- 
CR-74052   (EA-'irai),  Mirch 1975. 

8-18    Pollack,  M.  E.  and R.  L.  Wagner,  "Development of  an Impact  Sensi- 
tivity Test for Cast and Pressed Explosives," Technical  Report 
No.   2209,  Ordnance  Project No.   TA3-5002A,   Department of  Army Pro- 
ject No.   5A04-01-011,  Picatitmy Arsenal,   Dover,  NJ,  June 1956. 

8-19     "Proceedings of  the International  Conference on Sensitivity and 
Hazards of  Explosives," Explosives Research  and  Development Esta- 
blishment,  Waltham Abbey,   Essex England,   1963. 

8-20    "Some Unsolved Problems of  Explosive  Sensitivity," UCRL-7898, 
University of California,  Livernore,  June  1964. 

8-21     Sumner,   J.   F.,   "A Rotary Friction Sensitiveness Test  for Explosives," 
in Proceedings of  the Conference on  the  Standardization of  Safety, 
and  Performance  Tests   for Energetic  Materials . 

8-22    "Technical Bulletin TB  700-2,  Explosive Hazard Classification 
Procedures,"  Department of  the Army,   19 May 1967. 

8-23    DeMella,   D.   et al,   "Sensitivity of Cased  Charges of Molten and 
Solid  Composition B to   Impact by Primary  Steel  Fragments," Tech- 
nical   Report  4975,   Picatinny Arsenal,   Dover,  New Jersey,   June 1976. 
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should be at leart as high as the iraxlmum level listed in Table 7. 
Second, the sample should be in thi same physical form as it exists in 
the actual process.  It should not be modified for the test.  Third, 
impact should be agalns*#a rigid anvil so that the stimulus can be clear- 
ly defined.  Other considerations such as the existence of grit could 
also be important but have not been addressed in this study.  These cri- 
teria can be met fairly easily by modifying almost any of the drop weight 
machines or by using a modified version of the flying plate impact test. 
1ITRI has three types of drop weight machines.  A machine based on the 
Bureau of Mines design was determined to be able to produce the impact 
energies per unit area listed in Table 7.  It was decided to modify this 
machine for the local impact testing.  Reference 4 presents an experi- 
mental evaluation of the effect of varying the ratio of the drop weight 
to the intermediate weight for rigid samples (essentially impact into a 
rigid surface).  It was concluded in Reference 4 that the most effective 
transfer of energy to the sample is achieved with matched (equal mass) 
drop weight and intermediate weight.  Since most inprocess materials 
(unmodified) are "soft" samples, we conducted an experimental evaluation 
to determine if the same was true for "soft" samples.  As will be pre- 
sented later, it was found that for "soft" samples a better transfer of 
energy will occur if the intermediate weight is small compared to the 
drop weight.  Besides modifying or removing the intermediate weight, the 
thrust of our experimental evaluation cf the local impact test concen- 
trated on developing one or more sample holders which most realistically 
represent local impact onto sample materials in the form that they exist 
In the actual process.  In thi? sense, the local impact test becomes 
a simulation of the real impact scenario rather than a comparison of 
the chemical composition's impact sensitivity when the samples are pre- 
pared (generally modified) to all have the same physical form. 

Impingement 

The impingement test is to evaluate the material's sensitivity to 
particle-particle and particle-wall impacts in pneumatic conveying sys- 
tems, cyclone separations, jet mills, etc.  It also considers ignition 
sensitivity of particles falling from one process vessel into another. 
Free fall and propelled impingement tests are described in Source 8-]. 
In the propelled impingement test, the sample is Injected into a moving 
air stream.  The air carries the sample at some measured velocity onto 
a target plate.  In the free fall test, the sample is dropped from a 
known height onto a horizontal or angled target plate.  In both cases, 
light flashes and noise are used to indicate positive reactions.  These 
tests are judged to be realistic simulations of the actual inprocess 
stimulus and are suitable as they presently exist for hazards classifi- 
cation of inprocess materials. 

Container Penetration Tests 

, 

These tests simulate the penetration o' a container by a rod like 
protrusion, for example a fork lift penetrating a process vessel.  The 
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NOTS and NWL large scale  impact  tests   (Table  8,   Source 8-3)  both Involve 
'aTin: of Sree Jod protrusions attached to a drop -Jf t ^pped on o 
a cylindrical container laying on its  side.     It  is felt that the  ilKeJ/ 
ignition mode  in  these  tests is  the production of hot metal  ^agments. 
The Production of  such hot metal  fragments is probably adequately re- 
presented by a  thermal  test.     The container penetration tests "al  sti- 
c"ly  simulates only one  type of accident scenario  (vessel penetration) 
and will not be considered further  in this study. 

Regional  Impact 

This  type of  test  is  to evaluate  the sensitivity of a ferial  "> 
impact over an area   (essentially one-dimensional  impact  .     This  is  re- 
presentative of  a container  filled with energetic material  dropped on 
"its side    o?  overdesign operation of a hammer mill breaking up  large 
chunks o    material.     A pass-fail  form of  this   type of  test is  the 40 
oofdrop  test   (Table 8°  Source  8-3).     The bottle  drop test or a more 

generalized version  (container drop  test)   is a -f^'f^"^ 
The laree  scale  flyer plate   (Table 8,   Source  8-1)  and the SLSAN  tests 
Sable I!  Sources  8-2 and 8-4)  can be  used  to evaluate th * stimulus 
type  in  a more controlled manner.     In our  initial  evaluation,   the  flyer 
plate  test was  selected as most appropriate  for hazards «**"«*?«"on' 
Since  SUSAN test  results can be correlated quite well   to  ^"J**" 
results     the  S'JSAN  test would also be acceptable.     However, when looking 
ITfalle  7.   under  the Flyer Plate heading,   it  is seen that the  process 
impact velocities are quite  low (10 and 20 m/s).     It  is quite «»">«ly 
that any samples would be  Initiated at such  low velocities,  and re,ional 
impact was eliminated  from the list of credible ignition stimuli. 

Sensitivity   to   Shock Wave 

Several  tests are designed to evaluate a materials sensitivity to 
pressure wave  initiation.     The different gap  tests  (e.g..  card gap)  are 
well   suited  for  this purpose.     The wedge  test   (Table 8,   Source  8-2)   also 
"oviLs a  good  technique  for evaluating the sensitivity of  a material 
by exposure  to  a shock wave.     Flyer plate  and  SUSAN  tests can also be 
used  to evaluate  ignition by a shock wave. 

In developing  the hazard classification procedure it became clear 
that all possible hazard scenarios could not be addressed without mak- 
ing  the procedure  too complex to be practical.     Limitations of  the pro- 
cedure's  applicability  had  to  be defined.     Concerning  ^sensitivity 
evaluation,   two  general categories of  ignition modes exist.     The first 
category  includes   ignitions which originate  in the process material be- 
ing evaluated,   i.e..  not  due  to an  initiation which originates else- 
where such as  in an adjacent process vessel.     Ignitions "^'^ in. 
the  process vessel  being evaluated are considered    pnmary    ignition 
modes.     The second  category of  ignition modes,   those originating else- 
where,   are denoted  "secondary"  ignition modes.     The process material 
where   the  ignition originated  is  the one that  Is responsible  for 
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initiation, not the process material being evaluated.  For this reason, 
secondary Ignition modes such as by shock wav^ by fragment impact, by 
fire brands, by massive flame impingement, etc., were excluded from the 
sensitivity evaluation. 

Small Fragment Impact 

A number of tests have been designed which characterize ignition 
by small fragments or bullet type projectiles.  These include the small 
scale flying plate Impact test (e.g., Ref. 6) and the bullet impact test 
(Table 8, Source 8-2).  As with the shock sensitivity tests, the small 
fragment impact tests characterize a secondary initiation mode and will 
not be considered further. 

Rubbing Friction Tests 

Many tvpcs of tests have been used to evaluate the friction initia- 
tion sensitivity of energetic materials.  In the literature reviewed for 
this program, five general types of friction tests could be identified. 
These are (1) the sliding strip and sliding block tests, (2) the pendu- 
lum tests, (3) the bowl type rotary friction tests, (4) the "pony brake" 
type rotary friction tests and (5) the bulk material friction tests. 
These tests are illustrated in Figure 2, with positive and negative as- 
pects noted.  While selecting the most appropriate friction test for 
this hazard classification procedure, the following requlren-ents of such 
a test were considered to be of prime importance.  First, the test must 
be able to accomodate a wide variety of material forms (i.e. powders, 
liquids, slurries, pastes, strands, etc.).  For "fluid" material foras 
such as powders, liquids, slurries and pastes, the test should simulate 
two materials of construction rubbing across each other in the presence 
of the sample.  For samples which consist of fairly large individual 
pieces sucn as pellets or strands, the sample should be rubbed across a 
material of construction's surface.  Second, since real friction loads 
can be either long or short duration, the test should be able to apply 
the frictional load for both long and short durations. Third, (and most 
important) the frictional load must be well characterized and quantifi- 
able.  We assume that frictional ignition is related to a heating pro- 
cess, either very localized or over the contact area.  In either case 
the most pertinent parameter for correlating test data is the power 
(energy per time) dissipated per unit contact area.  The duration of 
the frictional loading is also an important parameter. These parameters 
must be measurable In the test.  Tests which provide the data which 
characterize the power per unit area and duration in a clean way are 
clearly the most desirable tests.  In addition to the above factors it 
is also desirable that the test be simple. Inexpensive and easily oper- 
ated. r 

For the devices shown in Figure 2. the following conclusions can 
be reached. The sliding strip and sliding block tests are simple and 
exist at many organizations.  These are Important advantages.  The major 
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disadvantage is that the velocity-time function and frictional load are 
not provided by the test.  In addition, the test as it exists at most 
facilities is only capable of providing very short duration loads.  Be- 
cause of its simplicity and availability, this type of test was evalu- 
ated in the previous project (Ref. 2).  It vas found difficult to quan- 
titatively characterize the friction stimulus and for many material 
forms the material had to be altered to accomplish the test.  For these 
reasons, the test was found to be undesirable.  The pendulum tests, 
again, are simple but they do not provide the data required to quantify 
the frictlonal loads.  The sliding strip, sliding block and pendulum 
tests are more suitable to ranking materials relative to scne standard 
rather than finding the power per unit area-time relation fo* Ignition. 
The bulk material test is a type of pendulum test for bulk materials 
and not applicable to testing most inprocess material forms.  The two 
rotary friction test concepts arc somewhat more complex and costly to 
run but are the only tests which cleanly quantify the required parameters 
(contact duration and power per unit area in terms of relative velocity 
or r.p.m.'s, and frictlonal force or torque).  The ability of the rotary 
tests to cleanly provide the required test data, where the other tests 
do not, is of major importance.  The choice between the two rotary con- 
cepts is based entirely on which design can be adapted most easily. 
Problems in feeding and collecting dust from powder like samples in the 
"pony brake" configuration are considered to be much greater than pro- 
blems associated with the bowl arrangement.  Therefore the bowl arrange- 
ment was selected as the best choice for hazards classification.  Thickol 
has done work with both rotary ziachines (Ref. 7) and the design of the 
bowl type rotary machine for this program is based heavily on the Thiokol 
apparatus. 

Electrostatic Discharge Evaluation 

The electrostatic discharge evaluation has two parts.  The first 
part of the evaluation characterizes the ability of the inprocess mate- 
rial to develop electrostatic charge.  This is primarily related to the 
development of discharges within the sample material itself.  The sec- 
ond part of the evaluation concerns the Initiation sensitivity of the 
material to an electrical discharge.  The basic techniques for determin- 
ing charging susceptibility have been fairly well developed (Ref. 8). 
The technique involves applying an oscillating voltage across the sample 
and measuring permittivity and electrical conductivity.  The ratio of 
permittivity to conductivity is the characteristic charge relaxation 
time and is indicative of the material's charging susceptibility.  The 
only extension of existing methods which was required under the current 
program was ro measure these electrical properties for inhomogeneous 
materials such as pellets and strands using a large sample holder.  Ig- 
nition by an electrical discharge in a layer of material is tested by 
passing well defined electrical discharges through a layer of the sam- 
ple.  Vapor or dust cloud ignition is evaluated using a Hartmann or 
Bartneckt type apparatus. 
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Localized Thermal Ignition Teats 

Several tosts consider the sensitivity to initiation by an intense 
localized thermal ignition source such ac  an Incendiary spark produced 
by friction, from impact of a foreign material in a mechanical process 
operation, from walding, from a cigarette, etc.  The hot wire ignlte- 
ability test (Table 8, Source 8-2) was one viable option for chararter- 
izing this stimulus type.  A second option is to mechanically produce 
sparks using a friction wheel  like a grinder wheel. This technique 
exposes the samples to numerous random hot sparks.  It is quite diffi- 
cult to quantify this stimulus since many sparks are hitting the saaiple 
and some locations may be hit several times.  Another technique is to 
heat well defined tiny metal balls in an electrical heater and drop the 
balls at a specified temperature onto the sample material,  ihis tech- 
nique was determined to be most promising and was selected for experi- 
mental evaluation In this program. 

Regional Thermal Ignition Tests 

As the title implies, regional thermal tests evaluate the potential 
for Initiation of a self sustained propagating exothermic reaction when 
the material is heated over a substantial volume.  In a process plant, 
the material can be exposed to an elevated temperature in many way*. 
A system malfunction or operation error could result in the material in 
a heat exchanger type process vessel to be raised to above the design 
temperature.  This will happen if there is a loss of cooling, loss of 
agitation, etc. Material could be spilled or sprayed and exposed to a 
hot pump or motor. 

Some of the tests which have been used ;o evaluate this stimulus 
will be outlined.  In the existing document TB 700-2, the copper llock 
test and the self heating test are described.  In the copper block test 
a 0.1 gram solid sample is heated at a controlled rate until ignited. 
The self heating test utilizes differential thermal analysis and "conk- 
off tests" to generate the constants in m  equation which estimates the 
maximum temperature to which a cylinder oi: a given diameter can be ex- 
posed before a runaway chemical reaction will occur. Another cook-off 
test determines the lowest temperature at which a 5 milligram sample 
will "flash off" in 10 seconds.  In the Kenograd test (also in TB 700-2), 
the sample fills a thin stainless steel tube.  The tube is heated using 
a capacitor discharge and the samples "explcsion temperature" Is deter-- 
mined.  In the Taliani test, also described Jn TB 700-2. the sample is 
placed in a fixed temperature heating block with pressure and rate of 
pressure rise monitored.  The vaccuum ther.nal stability and chemi.-al 
decomposition test holds the sample at 100oC in one version, 750C in 
another, for at least 48 hours.  Reactivity Is indicated by gas evolu- 
tion vh-'en must not exceed 2 milllliters per gram of sample diring the 
48 hour^ for acceptance.  A test based on the same type of exposure 
(n50C  Tor 48 hours) has be';n conducted by General Electric (Table 8, 
Sources 8-5 through 8-7).  In that test, the sample was packed in a 
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tube, wrapped with heating tapes, capped at both ends and Insulated. 
The elevated temperature exposure was produced using the heating tape. 

for  liquid samples, a variety of tests are described in ASTM stan- 
dards.  These include the ASTM D2155 autoignition test, the ASTM E136- 
65 noncombustibility test for elementary materials, and the ASTM D1929- 
68 test for ignition of plastics.  These tests were all oriented toward 
materials which do not contain their own oxidizor and were not considered 
general enough.  The most promising tests in terms of simplicity, gener- 
ality and availability of equipment at many laboratories were the dif- 
ferential thermal analysis (DTA) and differential scanning calorimetry 
(DSC).  The DSC was experimentally evaluated in the initial project and 
was found to be suitable for hazards classification of inprocess materials. 

In a'dition to the tests outlined above, a number of thermal tests 
have been dc/eloped which expose the sample to an engulfing fire.  These 
include the TB 700-2 external heating "Test C", and the GE ignition and 
unoonfined burning test (Table 8, Sources 8-5 through 8-7).  Since 
those tests assume a fully developed fire already exists the stimulus is 
a secondary ignition source and not in line with our philosophy of con- 
sidering only primary ignitions for the sensitivity evaluation. 

Critical Size Tests 

The "critical diameter" test (Table 8, Source 8-2) exposes a sam- 
plfi confined in a tube to a flat pressure wave produced by detonating 
a condensed explosive at one end of the tube.  Tills test addresses the 
question "can the sample propagate a detonation which has already been 
established?" Tae "critical depth" (layer thickness) test exposes a 
layer of sample material to a pressure wave at one end using an explo- 
sive booster to determine what thickness the layer must be in order to 
propagate an established detonation.  In this report, this test will be 
referred to as the "critical layer thickness" test.  The wedge test is 
a modification of the critical depth test in that the layer thickness 
decreases away from the explosive initiating charge.  The point at which 
the reaction ceases gives a very conservative estimate of critical layer 
thickness In that the detonation travels a substantial distance before 
it dies out. 

In the "critical length" or transitian test. The sample is packed 
in a tube and initiated at one end using a flanie ignition source. The 
test Is designed to determine the length required for a flame to transi- 
tion Into a detonation in a container of a given diameter.  A version of 
this test designed to simulate material in a hopper type arrangement Is 
called the critical depth or critical height test (Table 8, Source 8-9). 
In this report, we will refer to this type of test as the "tube transi- 
tion" test.  A parallel test can be accomplished for a layer of material. 
This test will be called the "layer transition" test in this report. 
All of the critical size tests were considered to be of potential value 
to the hazards classification procedure being developed and all of these 
tests, •""-iH ^he wedge test, were experimentally evaluated. 
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Mass Explosion Tests 

T .^.rp  the  effects produced by  the detonation of   the sample 
To  evaluate  the  «""■ J~° reauired.     This type of  test must 

material,   a "mass explosion tef./j\re<":!^ily    and fireball   (secondar- 
be capable of -aluating the alrblast   fr^^J*£ has been widely 

lly)  hazards Imposed by  the mate!JI!
1*   u^2e^

e
test.     ^e sample  Is 

l^LTrJ^^ f rblast  pressure ^^^^^--I^.-r3 

Llru^nhe^^r:^!0^^^"^^^^ coverase .d slug calorl- 

meters can be used. 

cess vessel.     This generally  ia ^.   ,v^ hG  acceptable  for hazards 
the most «^«JC^r^^tolr^JSctS^-y for another classification     fuch a  test were    ^^  ^  ^ ^^  ^^ ^ 

configuration may not be precisely ™0™      v 'tem.     The alterr.a- 

classification. 

Fragment Evaluatton 

Fr„«ent. ptoduccJ by  the Jotonatlon ot a -aterial  in « ~tal  CM- 
talncr ar"n  irjortant  pan of  thecaraU ».ass "f|"'°" ^'"^ 1.1^ 

a°X<.,'   s. ; andv^.o      ■     '.'a ta«.t ».. h.  Caractcri.ed.    To d.tor- 

Li^^xr-j-i^r^^v^^rdSr^uor ^ifi,. o L .=; 

determined to be not necessary for hazard classification purposes. 

Fire Effects 

ducing a radiated thermal pulse provides a third aspect 
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mass explosion hazard. «•* an open topped vessel containing process 
material is ignited, a fire plume may develop over the material.  If 
the generation of hot gases is substantial enough (about the point at 
which the flame impinges on the ceiling), the total heating of combus- 
tibles in the enclosure will be sufficient to cause the nearly simultan- 
eous Ignition of all these materials. This point is generally called 
"flashover" in fire research.  Even if flashover does not occur, the 
radiated heat flux from the flame may be adequate to ignite combustibles 
a distance across the room.  Finally, if the material exists in the 
process in a layer, such as a conveyor or trough, fire spread along the 
layer to the process vessel at the other end is of concern. Many tests 
in the past have been done to evaluate the fire spread hazard, to assure 
that the detection-deluge system will respond quickly enough.  These 
have been both small scale and nearly full scale simulations of the ac- 

ual system. 

Other Hazards 

Other hazards not included in the discussion above also could be 
of concern in process plants. These include production of firebrands, 
toxicity and chemical compatibility. Although such other hazards may 
be important, it was decided to limit the scope of the procedure being 
developed in order to not overly complicate it. These additional haz- 
ards were considered to be beyond the scope of the procedure being de- 

veloped. 
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TEST EVALUATIONS 

The studies described in the previous three sections helped to mold 
the structure of the overall hazards classification procedure.  In the 
procedure, the hazard was seen to consist of two parts: an evaluation 
of the materials sensitivity (how likely is an initiation to occur?) and 
an evaluation of the consequence of an initiation.  Existing hazard 
classification procedures require sensitivity type testing but put the 
materials into a consequence related classification. That approach is 
not felt to be proper and was not followed here. 

The sensitivity evaluation is to consist of quantitative sensitivity 
tests for stimuli which can exist in the different process operations. 
The test results (the materials sensitivities) are then to be compared 
to credible inprocess stimuli levels such as those listed in Table 7 in 
order to categorize the material's sensitivity hazard.  Independently, 
an effects evaluation is to be completed in order to characterize the 
material's consequence severity. The effects evaluation classifies the 
material in categories such as are used in the NATO-UN system. 

Based on the survey of test methods, using the historical DDESB 
accident report survey, a survey of hazards analysis reports, and a 
preliminary formulation of the overall procedure as it was envisioned 
early in the program, the following tests were selected for an experi- 

mental evaluation: { 

• Local Impact 

• Rubbing Friction 

• Local Thermal 

• Regional Thermal 

• Electrostatic Discharge 

• Critical Diameter 

• Critical Layer Thickness 

• Tube Transition 

• Layer Transition 

• Mass Explosion 

• Mass Fire 

• Firespread 

These tests were each evaluated using four sample materials. Ml 
strands were used to represent an extrusion process; M30 pellets repre- 
sents a drying operation; RDX slurry corresponds to a conveying opera- 
tion; and M26 paste was from a mixing operation. 
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The  sample materials which were  used were all  from the previous program. 
By   the  time   they were  used  on  this project,   they were  undoubtedly quite 
different  from their  true  inprocess  form.     For example,   solvent  concen- 
trations were undoubtedly  significantly lower  than in  the actual  pro- 
cess.     Therefore,  no  attempt was made  to realistically  classify the ma- 
terials.     Rather,   the samples were used  in order to  try out  the differ- 
ent  test procedures  to assure that   the procedures are adaptable  to  the 
variety of material   forms which can exist  in  process  operations.     In 
order  to standardize  the experimental evaluations,   the  specimen bulk 
densities* were  fixed at   the  following values   wherever practical   through- 
out  the  testing: 

M26 Paste  Density      =  0.829 gm/cm3   (0.0299 lb/i;i3) 
Ml   Strands   Density     = 0.A5 gm/cm3   (0.0162  lb/in3) 
M30 Pellets  Density = 0.838 gm/cm3  (0.0302 Ib/ln^) 
RDX Slurry Density    = 1.114  gm/cm3  (0.0347 lb/in3) 

NOTE:     The  RDX was  used  as   received,   rather  than being mixed 
with water to obtain  the  true  inprocess  composition. 

As will be seen In Section 6, the hazard classification procedure 
requires several additional tests not experiwentally evaluated in this 
program.     These  tests  include: 

• Impingement   ignition tests 

• Flame   ignition test 

• Dust/vapor explosion  test   (Hartman or Bartneckt  test) 

These were judged   to be  fairly well  established or simple enough not to 
require  further evaluation under  this project. 

In   the  subsections which   follow, each of   the  test methods which were 
experimentally evaluated  will  be  discussed,   including a description of 
the experiments conducted and  the test  results. 

Local   Impact Test 

The  local   impact  test  is  to determine   the  impact energy per unit 
area required  to   initiate  the sample material.     This stimulus corresponds 
to scenarios such as a dropped   tool,   a person hammering,  a dropped cover, 
agitator impacts,   part  failure  during operation,  a  person chipping off 
residue,  etc. 

*     Bulk density is equal  to  the average mass per unit volume of  the ma- 
terial  as it  is  packed  in  a container,   rather than  the density within 
the  individual  grains,  pellets,  strands,  etc. 
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The philosophy taken by IITRI on this, as well as all the other 
sensitivity tests, was to have the test be essentially a full scale simu- 
lation of the actual sy^ulus.  The sample material should be in the same 
form that exists in the real process operation.  The inprocess bulk den- 
sity should be reproduced.  The impact area should be representative of 
typical actual local impact situations.  In the case of impact area, the 
results will depend somewhat on the area selected and a standardized im- 
pact area must be selected.  In the impact test, as well as many of the 
other sensitivity tests, an attempt was made to have sufficient sample 
present, extending beyond the impact area, so that initiation and prop- 
agation of the reaction could be used as the criteria for a positive 
result.  This is important in that we really do not care if a nonprop- 
agating reaction occurs (e.g., only discoloration, gas evolution, slight 
burn, etc.). The reaction must be initiated and be able to propagate 
into the surrounding material for it to be significant. 

IITRI has three types of Impact machines which could be used for 
this evaluation.  The machine with the highest potential drop height 
was selected so that the inprocess energies given in Table 7 (up to 
4.A x 10^ j/m2) could be achieved.  In actuality, the maximum energy 
per unit area achieveable with the machine was ultimately slightly be- 
low 4.4 x 106 j/m2 (it was 3,97 x 106 j/m2), but the machine's poten- 
tial was well above what was needed for any of the four sample materials 
being evaluated. 

In the present project, the machine was modified in three respects. 
First, an optical velocity sensor was positioned near the bottom of the 
drop in order to assure the proper impact energy was used to correlate 
the data.  This was done because significant energy losses during the 
drop were suspected. 

Figure 3 shows the actual impact velocity compared to the measured 
velocity.  It is clear that significant energy losses occur.  The ex- 
treme losses are probably due to some poor design features inherent in 
the particular IITRI machine design, however, it is likely that any ma- 
chine will have some losses.  The different losses between machines 
could in part account for poor correlation of drop weight impact test 
results between different machines.  It is suggested that velocity at 
impact be measured and kinetic energy (based on the actual velocity) per 
unit impact area be used to correlate the data. 

The second machine modification was to remove the intermediate 
weight, which is a basic part of the Bureau of Mines design.  Work at 
the Bureau of Mines (Ref. 10 and 11) showed that the best arrangement 
for transferring drop weight energy to the sample most efficiently in 
a single pulse with a minimum of oscillation, is to use an intermediate 
weight of equal mass as the drop weight.  That work was done specifically 
for pressed samples, so that the impact was essentially onto a rigid 
surface.  Since most Inprocess materials are softer targets, it was de- 
cided to evaluate the effect of the Intermediate weight on 
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transferring energy to a series of soft targets. Neoprene. hard card- 
board and lead were used.  The ratio of,intermediate weight to drop 
•weight. R, was varied from 0.458 to 0.104.  The results are presented 
in Figure 4. 

In the figure, force-time profiles (oscilloscope traces) are shown 
tor a quartz force transducer mounted beneath the samples indicated. 
Going down each column, decreasing the ratio R, the force time profiles 
appear to be getting less oscillatory, forming a single pulse.  Al- 
though the pulses are still not very clean, it appears that the best 
pulses are with the smallest interraediate weights.  In addition, with 
a very small rigid intermediate weight (striker pin), the transfer of 
energy should be most efficient. The small striker pin arrangement also 
was most convenient for the sample holder designs which were evolving. 

The third machine modification was to design one or more sample 
holder which could be used to simulate impact onto the inprocess ma- 
terials as they exist in the actual process operations. The sample 
holders originally designed arc shown in Figure 5.  ^pe 1 was to be 
used for impact within a bulk of material.  The material surrounding 
the impact location was there to show the ability of the reaction to 
propagate  It was found that the original type 1 holder was too large. 
A test with about 5 grams of the RDX sample resulted in a detonation 
totally destroying the sample holder and damaging the drop weight.  In 
order to preserve the concept behind the type 1 holder (to be able to 
observe initiation as well as propagation) but use a smaller totally 
expendible holder, the design shown in Figure 6 was used. 

The type 2 sample holder was found to be best for impact onto 
strands or pellets.  The type 3 sample holder was designed after the 
adiabatic compression test of Reference 12.  This sample holder 
is probably a good technique for testing liquid samples, particularly 
when comparing the sensitivity of liquids to the adiabatic compres- 

^lif^  0f SOme reference °aterial.  In the context of the hazard 
classification procedure being developed, in which the test energy is 
to be compared to the inprocess energy, the meaning of the adiabatic 
compression test results could not be interpreted.  It was decided to 

cm.lH K yP! 1 San,P  h0lder for liquid ^P1^. since the stimulus 
could be put in terms of a well defined energy or power per unit area. 

.M! J"6 ^rUCet0n technique* was used for obtaining the 50 percent prob- 
ability of initiation point for each sample material.  The test results 
are summarized below: results 

The test sequences generally included less than ten tests, therefore 
the estimated 50 percent point in each case is approxlmatL 
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NtOPRENE 0 073" 
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L EAD PLATE 1/8" 
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Fig 4 Force-time traces of various ratios of intermediate mass 
to impact mass 
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Striker pin 

Sample 

Cup 
(0.71 cm (9/32 In.) Call x 
1,265 + 0.013 cm (0.^98 
+ 0.005 In.) I.D. x 
1.43 cm (9/16 in.) O.D. 
with a 0.04 cm (1/64 in.) 
thick bottom) 

m^TZTm- 
Anvil 

Impact pin 

Heat treated in atmosphere 
controlled furnace to attain 
maximum depth of case and 
tempered to R 50 to 55. 
Liquid honed. 

-i h-0 .32 cm (1/8 in.) dia 

a _i 
0.16 cm (1/16 in.) 

1.250-0.013 cm 
(0.492-0.005 in.) dia 

Fig 6  Modified type 1 sample holder 
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Sample 
Material *# 

Inprocess 
Energy From 

Table  7 
(.1/ni2) 

Sensitivity 
Test Energy 

(1/m2) 
Safety 
Factor 

Ml  Strands 6.76 x 104 
>3.14 x 106 

>A6 
M30 Pellets 5.3    x 104 

>4.45 x 105 >8.5 
M26 Paste 5.2    x 104 

6.92 x 105 
13 

RDX Slurry 5.3    x 104 
1.5    x 106 

36 
Nitromethar.e with 
5%  Ethylenediamine 
by Volume 

  >3.97 x 106   

The Safety Factor is the ratio of the 50 percent probability energy per 
unit area obtained from the test to the inprocess energy (from Table 7) 
The safety factor is used to indicate whether or not the stimulus being 
evaluated (impact in this case) Is expected to be a problem in the par- 
ticular process operation. The "cutoff" valve for the Safety Factor Is 
taken to be 3. For all the samples tested, the rafety factor Is well 
above 3 and Impact is not expected to be a major problem. 

Rubbing Friction Test 

j The  rubbing friction test simulates initiation caused by two solid 
materials rubbing across each other.  When the sample material being 

j evaluated has fairly large individual pieces, such as chunks .f material, 
pellets, or strands, the friction is between the sample material and an 
appropriate material of construction (e.g., steel representing the pro- 
cess vessel's wall).  If the sample material is of a fairly fluid form 

. such as a fine powder, a slurry, a paste, or a liquid, the friction is' 
between two materials of construction in the presence of the sample ma- 
terial.  The sample may act as a lubricant in these cases.  In either 
situation, initiation is expected to correlate adequately with energy 
deposition per unit time over a properly defined frictlonal contact 
area (i.e., power per unit area—watts per square meter).  This trans- 

| lates into a rise In the temperature of the sample.  If the temperature 
is high enough over a large enough volume of material, ignition and 
propagation will result. 

As discussed in Section 4, there are many types of friction tests 
which have I-een used.  In the previous program (Ref. 2), the strip fric- 
tion technique was evaluated.  This is illustrated in Figure 7  The 
strip friction apparatus has the advantage of simplicity and availability 
at many laboratories, however, it has two Important disadvantages.  First, 
the power dissipated per unit contact area is somewhat difficult to quanti- 

i fy in the test.  The power dissipated varies with time and different his- 
tories are certain to influence the results.  Second, in many cases, the 
sample must be significantly altered from its inprocess form in order to 
accomplish the test. This second problem is quite important and makes the 
strip friction test unacceptable for our purposes. 
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Fig 7    Strip friction test 
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After  comparing the good and bad point* of  the different  friction 
tests,   the rotary  friction concept bastad on one of Thiokol's designs 
(K'-.f.   7) was selected as  the most ptoaUlsg.     TMokol's test arrangements 
are shown   In Figure  8 and  the apparatus <i»e6 for this project  is  illus- 
trated  in  Figure  9,     The apparatus usetf  f*r this project was taerely to 
verify  that   the  rubbing  friction evalustlvo can be acconplished adequately 
using  the  rotary friction  test  concept.    There  is no question that  the 
design used  for  this evaluation can be  ia^roved upon slgnificantly. 

As shown in Figure 9,   a d.c. taotor rotates the contact points over a 
steel  plate.     The  contact  points are  tnw Heel  balls for powder or  fluid 
samples,   or  two  sample pieces  for pellets,  strands,  etc.     The  steel plate 
represents  the actual  process material of construction and  should be  replaced 
by  a  realistic material  of  construction with a  realistic  surface  finish  if 
the process surface  is not  adequately rt^resented  by the  steel  plate.     The 
steel  plate   is grooved as shown  for  te«» on fluid samples.     A torque  sensor, 
which also measures  revolutions per  scc^-il,   is  fixed  to the  shaft between 
the  pulley wheel  driven by  the  d.c. not^r and the contact  points.     Revolu- 
tions  per  second  can be converted  into tasfcential velocity by the  formula 

V • nDf 

where  D Is  the distance  between contact points and  f is  the measured 
revolutions ^er second. 

Torque   is given  directly  from the  seTiscr «fld can be converted  into  fric- 
tional   force    .er cr-tact   point    (2 contact  points exist)  by the  formula: 

T 
F » — where  T is  the measured torque. 

The  power dissipated per contact point  Is then 

P =  FV =   nfT 

We  are  interested   in  power dissipated ptr unit area of contact.     The 
contact  area can be estimated  fr^ia the  blowing equation  (Ref.   13): 

2 
A_  = "a' where c 

h a  = 0.721 3/Pd /^L.    ■'■il^M 
•' \  K, hi i- 1 2 

} In  the   {oruula,   P  Is  the normal   force applied  to  the ball.     If  the  lever 
arm arrangement  between   the weight and Che contact  section is balanced 
and   frictionless.   P is merely  the weight divided  by  two sinre  there are 

i two  contact   paints.     In   the   formula,   ^j   md V,  are  Polsson's  ratios  for 
i; t™ balls and  the  contact surface respectively;   E.  and E, are the moduli 
fi of elasticity  for  the balls and surface respectively. 

»2 



FOnCK 

(. 

r^a 
/DlttKCl 'TH>N 
OK ROTATION 

SAMPLE 

1-IX. PISTON-AND CUP 
(A> 

SAMPLE 

* 

(^pa") DIKKCTION 
^H       OF UOTA 

FOF^CE 
L 

PQ 

ATION* 

12-IN.  BOWL, VERTICAL SCRAPER 

ROTATION 
H   Q /IMhECTlOX OF 

SAMPLE 

12-IN. BOWL, HORIZONTAL SCRAPER 
«Cl 

Fig 8    Thlokol'8  rotary  friction test 
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Combining  the above  equations  gives  an expression  for   frictional 
power per unit contact firea: 

a = sample contact  radius,  for  in homogene- 
ous  samples such as pelle 

0.721 Vpd I ^V   "   1-V 

fT ,   , ous  samples such as pellets 
—      with 
a 

El E2 
for homogeneous samples such as powders, 
slurries, pastes and liquids 

Using the apparatus shown in Figure 9, tests were conducted on the 
four sample materials. The tests which were accomplished are listed in 
Table 9.  Ignition was not observed in any case tested.  Several signifi- 
cant observations were made during the tests.  First, for pellets and 
strands. It was found that due to the large frictional contact area, power 
per unit area was a)vays orders of magnitude below the inprocess values 
listed in Table 7.  The sample merely failed structurally producing numer- 
ous "shavings".  Based on this result, it appears that in the actual pro- 
cess a pellet or strand would first fail structurally and then the shavings 
produced would get into moving parts and be acted upon.  Therefore, the 
samples were retested in the failed form using the steel balls and higher 
loads. 

Second, it was found  that the steel balls wear down very quicklv 
during the test.  In terms of frictional power per unit area, there Is an 
initial very high load but the load drops to a much lower steady value be- 
cause of the greatly increased frictional contact area.  If this high ini- 
tial peak dominates the initiation process, the sliding block may end up 
being Just as realistic as the rotary concept, that is If the frictional 
force versus time relation could be quantified in the sliding block ma- 
chines.  The simpler device would naturally be the more desirable in that 
case and further work in this area to quantify the stimulus produced by 
the sliding block machine could be quite worthwhile. 

Third, the steel balls and anvil surface deteriorated significantly 
during the tests.  New balls were used for each test and the anvil's sur- 
face was refinisheu i sing number 200 emery paper after each test.  Never- 
theless, the anvil's iurface was badly worn at the end of each set of 
tests and had to be remachined twice during the series.  It is therefore 
suggested that the anvil be designed with a replaceable top plate to con- 
tact the steel balls.  The top plate should be given a Rockwell C hardness 
of 60, and it should be replaced when significant wear becomes evident. 
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Thermal Tests 

Two types of thermal tests have been considered in the development 
of the hazards classification procedure.  These are the local hot spot 
test and the regional thermal test.  Before discussing these tests spe- 
cifically, some background on thermal initiation problems will be pre- 
sented.  Three basic types of thermal initiation problems can be identi- 
fied.  These are illustrated in Figure 10 and discussed below. 

External Oxidizer Required 

The first type of problem is where the fuel does not carry its own 
oxidizer.  This includes open pools of flammable liquids such as hydro- 
carbon fuels, materials soaked in a volatile solvent, and situations in- 
volving a flammable gas-air mixture such as a leaking distillation tower. 
Ignition in this situation can occur in one of two ways:  (1) an intense 
external ignition source (e.g.. flame or spark) is inserted into a flam- 
mable fuel-air mixture or (2) the material is heated to sufficient tem- 
perature to produce a flammable fuel-air mixture and also ignite it. 
The first situation is characterized by the flash point test. The flash 
point temperature is the point at which the sample produces just enough 
fuel to form a flammable mixture.  In the flash point test, the mixture 
is ignited by a pilot flame and the fuel is quickly consumed during the 
"flash" bum.  The flash point test does not appear to be appropriate in 
hazards clissification since a stable flame is present to cause the ig- 
nition.  In this sense, the flash point test represents a secondary 
event. 

The second situation is characterized by the autoignition test. 
The autoignition test exposes a sample to elevated temperatures in an 
air environment.  The lowest temperature at which the sample is ignited 
(due only to the temperature) is the autoignition temperature in that it 
represents normal operations at elevated temperatures and cases where due 
to poor cleaning practices or an accidental leak or spill, the energetic 
material comes in contact with a hot surface (e.g., a hot motor casing or 
hot process vessel).  Such situations are identical to that represented 
by the autoignition test. 

Runaway Reaction Within Static Mass of Material 

The second category of problems involves a mass of energetic mate- 
rial which is believed to be stable and is for some reason brought to 
an elevated temperature, either locally or as a whole.  One example of 
this problem is a mass of material in storage. The material could be 
a powder stored in a carton, a liquid in a drum or storage vessel, or a 
large propellant grain.  Although the energetic material is stable at 
normal room temperatures, if the room's temperature is slowly increased, 
a point can be reached where chemical reaction within the material will 
proceed too quickly to be removed by conduction through the material 
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1. External oxidizer required 
Examples: hydrocarbon fuels, solvents, distillation processes 

Ss,   with component failure 

Air 

2. Runaway reaction within static mass of material 
Examples: explosive in storage, large propellant grain, 

liquid sitting in hold or storage tank, mix tanks, 
wash tanks, local hot spots, and radiant heating 

Natural 
Convection 
Cooling 

► ^ 

3.   Runaway  reaction within an agitated,  cooled  fluid 
Examples:   reactors,  mix  tanks, --ash  tanks 

Coolant   in 

^/Mi ixer 

^-^ 

Fig 10    Categories of  thermal   initiation probl* 
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and natural con"ectlon at the outer surface.  When this occurs the crit- 
ical  temperature has been exceeded for the specific size of container 
involved and a runaway reaction will occur.  This type of problem for 
simple configurations (e.g., cylinder, slab and sphere) is well charac- 
terized.  If the material's thermophysical properties (density, heat 
capacity and thermal conductivity) and reaction rate properties (e.g., 
heat of decomposition, pre-exponential factor and activation energy) ' 
are known, the problem can be solved analytically introducing various 
approximations or more exactly using a computer model.  For cases where 
internal heat transfer is present, the additional heat removal could be 
added to a simple computer model.  In any case an estimate of critical 
temperature for a given container size can be made, once the necessary 

, material properties are known.  Most of the required properties can be 
obtained from tests such as differential scanning calorimetry. Ihese 
tests also provide the temperature at which the first significant exo- 
therm will occur.  Clearly, operation should be kept well below this 
value. 

A second example of problems in this category is ignition by a lo- 
cal hot spot.  This problem could also be solved analytically using a 
computer model, but In this case a realistic simulation could be done on 
a very small scale using a simple apparatus.  A local hot spot test ap- 
paratus has been designed by IITR1 personnel for this purpose. 

Reactor Runaway Rcaction 

The third category (.f problems Is perhaps the most difficult to be 
evaluated and has apparently not really been addressed In past hazards 
tests.  A typical arrangement was Illustrated in Figure 10.  An exothermic 
reaction will proceed at a rate which is a function of temperature  As 
the temperature Increases, the reaction rate increases.  So that the 
process Is well controlled, extreme care Is put Into assuring that suf- 
ficient boat transfer is available to maintain the svstem at its stable 
design temperature.  Tremendous safety factors are inherent In these 
system designs.  Nevertheless, accidental fires and explosions have oc- 
curred historically In this type or process operation.  Incidents can 
be attributed to the following thermal causes: 

loss of cooling 

loss of mixing 

obstructed cooling or mixing allowing hot regions" to 
develop 

reactants added too quickly to tank 

operation exceeds Ignition temperature for a product 
of the reaction (Including scale on pipe walls, etc.) 

reaction of contamination Introduced into the system 
(e.g., piece of paper, oil, water, etc.) 
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When a loss of cooling, loss of mixing or a runaway reaction is sensed 
in a well designed system, deluge and/or dump is Initiated in order to 
prevent a catastrophic incident.  All of this indicates that most of the 
hazards associated with reactors and similar process operations should 
already be addressed by the system designers.  In order to properly de- 
sign the system, tests mist be done to obtain calorimetric data (heat 
release rate as a function of temperature).  Using this data the heat 
exchanger for the reaction is designed and the design should embody a 
tremendous safety factor. A hazards analysis should be done to identify 
failure modes leading to fire and/or explosion.  The hazards analysis 
should result in a system designed to minimize the probability of an in- 
cident occurring.  In other words, reactors are clearly hazardous unless 
properly designed.  Hazards classification can make note of this for all 
reactors, but in the final analysis, safe design of reactors is really 
the designers responsibility and must be accomplished wherever a reactor 
is used. 

In order to evaluate the thermal hazards of process operations in 
a relatively simple manner, two types of tests were selected.  These are 
a localized thermal test and a regional thermal test.  The experimental 
evaluations of these tests are described in the next two subsections. 

Local Thermal Test 

Inprocess explosive and propellant materials may be susceptible to 
Initiation as a result of localized hot spots.  The type of localized 
heating visualized here may be caused by a variety of sources, of which 
the following are examples: 

• Friction sparks 

• Welding sparks 

• Hot metal chip caused by equipment fault 

• Hot solid or liquid particles thrown from unplanned 
chemical reaction 

• Lit tigarette 

Since  the causes of accidental  initiation being considered are of 
a  random nature,  exposure of material samples  to actual  real-life sti- 
muli of  the   types listed above would not be suitable for  test purposes. 
First,   these  realistic  stimuli cannot be reproduced or quantified easily. 
Second,   too many  tests would  be  required.     A more practical  approach is 
to devise a  single  type of  stimulus which is representative of  the above 
group,   whose   intensity can be varied over a wide  range,   is  reproducible, 
and can be  measured with   fair accuracy. 

The comnon  characteristic of  the modes  of  initiation being considered 
(viz.  sparks,   etc.)   is   that each consists of a particle at high  tempera- 
ture   that delivers a  small  amount  of heat  to  the host material over a 
small  area.     The heat comes  from the cooling of  the particle Itself,  and 
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th6 amount of heat can be estimated.  To simulate this type of localized 
heating in a reproducible and measurable manner, one may consider a num- 
ber of possibilities^ These are described briefly in the following para- 
graphs. 

Electrical Methods 

Localized spot heating may be accomplished electrically either as 
resistance heating or by the discharge of a spark. 

Resistance heating can be done by placing a resistance element in 
good contact with the surface of the test material and dissipating a 
limited amount of energy through the resistor in a short time. This is 
done usually by discharging an electric capacitor through the resistor. 
This method is applicable only to nonconducting materials.  For use on 
electrically conductive solids or liquids, the resistor would have to 
be insulated electrically; but the thermal lag imposed by the insulation 
would negate the very conditions being simulated. 

The resistor may be in one of the following forms: 

• A single short resistance wire 

"    A thermister 

• A strain gage 

The above differ in their geometric configuration.  The single wire is 
a line heat source and can be made in diameters as small as desired.  It 
is relatively simple to construct, but its configuration does not resemble 
closely the heat sources being simulated. 

The  thermister may be in the form of a small bead only several 
thousandths of an inch in diameter.  This would more closely resemble 
the typical shapes of the particles being simulated.  A thermister has 
a high negative coefficients of electric resistivity and is normally 
used for measuring temperature.  For our purposes, the semiconducting 
thermister bead would constitute the resistance element where the heat 
is generated. 

A certain type of strain gage consists of a thin plastic substrate 
upon which is deposited a metal film which constitutes the resister. 
The resister may be an area less than 0.04 inches square.  Both the 
thermister and stiain gage resistor would merit further consideration 
for use on nonconducting materials. 

A spark may be generated at the surface of a material by placing 
two conductors, in good contact with the surface, a small distance apart. 
If a sufficiently high voltage were Imposed across the conductors, a 
spark discharge would bridge the gap between them.  An electric discharge 
in this manner does not resemble the physical mechanism of the heat 
sources being simulated, and it is not known at this time whether or not 
there is an acceptable correlation between them. 
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Radiant Methods 

Local  hot spots may be imposed on a material  as incident radiant 
energy    using either a laser beam or an incandescent lamp as  the energy 
source       Either source would require optical   focusing and  a shutter sys- 
tem      The area of exposure would be controlled by the focusing lens, 
and'the  time of exposure by the shutter.     Thus  the  intensity of heating 
and the  total  amount of energy delivered could be varied over a range. 

Both of  these methods,  however, have certain characteristics that 
would make  their  choice  for  this  application less  than  ideal.    While 
the incident  radiant  flux would be highly  reproducible,   the  fraction 
actually absorbed at  the surface of a material would depend en  the op- 
tical absorptance properties of  the target material.     Some of  the ma- 
terials,   especially if  in the liquid state,  also may be P^tially  trans- 
parent,   in which case  the  incident energy would be absorbed  1" depth. 
This would deviate  from the  conditions being simulated and might lead 
to erroneous conclusions in the interpretation of test results. 

vi 

Mechanical  Methods 

Local hot spots for test purposes may be generated by reproducing 
in as much as possible the real-life conditions that can cause this type 
of initiation - viz., the impingement of hot particles on the surface 
of the sensitive material.  Two methods of doing this are described in 
the following paragraphs, one of which is recommended for adoption. 

A direct way of imposing hot spots is to generate sparks and cause 
them to impinge on the test material.  This may be done mechanically us- 
ing an arrangement of components analogous to an ordinary cigar lighter. 
A small friction wheel could be rotated at a controlled uniform speed, 
and a sparking material would be pressed against the friction surface by 
a pre-set force.  The extent of sparking produced with the arrangement 
would depend on the materials and on the applied force.  The area and 
time of spark impingement on the sample could be controlled by inter- 
posing a screen between the spark generating apparatus and the sample. 
An aperture in the screen would govern the area of exposure, and the 
screen itself could serve as a shutter to control the time of exposure. 

Although this arrangement is a realistic simulat 
exposed to accident sparks, it has certain shortcomin 
produclbility and the uncertainty In quantifying the 
It Is not feasible to obtain single sparks; ana ->ven 
there is no assurance that the thermal effect of one 
that of the next. With a stream of sparks, there is a 
more might strike an area sufficiently small for the 
be partially cumulative.  In either case, it is impos 
the heating effect quantitatively since this would re 
of particle size and initial temperature. 

ion of a material 
gs concerning re- 
thermal exposure, 
if It were feasible, 
spark would be like 
chance that two or 
thermal effects to 
sible to describe 
quire a knowledge 

Another approach is to retain the realism of Imposing a local hot 
spot with a hot particle, but to do so using one particle at a time 
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knowing both   its size   (mass)   and initial   temperature.     This would  in- 
volve preheating a  particle  to  a  uniform known   initial   teapersltUS.   and 
then dropping  it onto  the surface of  the  sample material.     The controi.1 ed 
variables would be   the material of  the particle,   its size,  and   initial 
temperature—which  together describes   its   initial heat content.     Changes 
could be made by changing any or  all of  these variables.     This method 
has the   following advantages: 

• Tests  are highly   reproducible,   limited only by   the 
ability  to measure physical size and  temperature. 

• The heating effect   is  quantifiable  in absolute  terms. 

• The method  is applicable equally well   to both solid 
and  liquid materials. 

• The method can be  used on solids of  different  shapes, 
e.g.,   flakes,  pellets,  strands,  etc. 

• The method  is  Independent of  the electrical properties 
of  the sample material. 

This technique was  selected  for experimental evaluation  in this project. 

( Test Apparatus and Procedure 

The  apparatus   for   imposing a  hot   spot  on a  sensitive material   using 
a pre-heated particle consists essentially of a miniature high-temperature 

| furnace as shown in  Figure  11.     With the   tubular furnace  in  the upright 
1 position shown  in  the  figure,   a small  steel  ball of known mass  is allowed 

to  reach the steady-state  fumace  temperature.     Then   the entire  furnace 
assembly  is turned upside down so  the heated ball  can fall  freely onto 
the test  sample,   and  the results are observed. 

The  fumace consists  of a  ceramic  tube  around which  is wound a re- 
sistance wire  that  can be heated electrically.     A smaller ceramic  tube 
with one end  closed  is  inserted  into  the fumace  tube and serves as a 
holder  for  the steel  ball.     This  smaller tube  is within an iosthermal 

i 1 region of   the  fumace and extends  to within about  1  inch of the  fumace 
exit.     It  serves  to guide   the  pellet during  its  fall  and assures  that 

v the Pellet will  not  strike  the  cooler end of  the furnace  tube  during its 
exit.     Wliile at   the bottom of  the inner  tube,   the pellet  is effectively 

^- completely surrounded by an  Isothermal enclosure and will  attain  the 
enclosure  temperature in a short  time. 

The heating rate  and  temperature of the fumace are determined by 
controlling the voltage supplied to  the heater using a variable voltage 
transformer.     Furnace  temperature  is measured by a  thermocouple inserted 
into  the fumace  tube  from below until  it contacts  the bottom of the in- 
ner   tube containing the pellet.     The thermocouple is made of  chromel  and 
alumel wires protected by a double base  ceramic insulator.     The thermo- 
couple  is permanently mounted  in  the  fumace.     The steel ball  is  inserted 
into  the  furnace  from the  top.     After  the ball  reaches  the desired  tera- 
"^rature,   the  sample  is  set  in place   to receive  the hot ball. 
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Steel tube 

Thernal Insulation 

H.^h   tenp ceaent 

Heating element 

Ceramic tubes 

Pellet 

Thermocouple well 

Fig 11  Furnace for heating small particles (not to scale) 
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The  furnace   tube  is surrounded by high-teitperature  theraal   Insula- 
tion,  and  the assembly  is enclosed by  a steel   tube  to  provide  rigidity 
and  protection  for  handling.     The entire apparatus   is  so cor4>act   (Fig- 
ure 12)  that   it can be supported  readily on a small  stand anchored ri- 
gidly on a bench   (Figure 13).     The mounting must be  rigid so  the pellet 
will  strike  the  same spot each   time  it   falls.     Inversion of  the fumacre 
is  done manually  to  a  fixed stop  that assured  alignment of  the exit 
tube with  the sample. 

Evaluation of Thermal   Exposure 

The  test apparatus  and  thennai   test procedure are such  that the hot 
ball will  experience  little or  no heat transfer during  its   fall  to  the 
surface of  the sample material.     If  it  is assumed  that  the heat transfer 
during the  fall   is   zero,   then  the  heating of  the sanple can be calculated 
readily.     It would  be   the  heat  given off  by   the ball   in cooling  from the 
initial   furnace  temperature  to   the sample   temperature   (essentially an- 
bient).     The heat   is   given by: 

q =  mc(T1-T2) 

where m    = mass of pellet 

c    = heat capacity of  pellet material   (specific heat) 

T^ =  furnace  temperature 

1 T2 ■ sample  temperature 

If  the ball   is of known material,   its heat capacity will be known froa 
the literature,  and its mass and  the two  temperatures will  be measured. 
Thus  the heat given off will  be known  fairly accurately-     Changes  in the 

: fhermal exposure,   if needed,  will  be known even more accurately since a 
change will  be accomplished by using a ball of  the same material but of 

> different mass,  or by changing  its  initial   temperature. 

Local  Hot   Spot  Test  Results 
I 

The   local hot  spot apparatus, test procedure,  and sanple  loading are 
i summarized  in  Figure 14.     This  test was  found  to be extremely simple and 

fast  to accomplish;   therefore,  probit analysis was used to determine the 
experimental  probability of  ignition versus ball  temperature relation. 

■ For hazards  classification,   the   50  percent  probability of  ignition pcxit 
is needed.     This  is compared   to  the inprocess potential  for the specific 
process operation being considered. 

In this program only enough tests were  completed  to evaluate  the 
•j .. test  and  to  approximately determine  the  50 percent probability point for 

each of  the  four sample materials. 
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Fig 13 Setup for hot spot apparatus (not to scale) 
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(a) Local hct spot test setup 

(b) Test with M30 pellets (smoke only) 

Fig 14 Local hot spot tests 
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(c) Test samples in sample holders 

Fig 14 Concluded 

Three ball  sizes were  tried  in order  to determine  the best correla- 
tion parameter   (i.e.,  ball   temperature or ball energy).     The  three ball 
diameter were 0.079  an  (1/32   inch). 1 nan,  and 0.119  cm (3/64  inch).     The 
ball  size appeared  to have  a negligible   influence, whereas ball  tempera- 
ture  dominated  the results. 

The local hot spot tests are summarized in Table 10 and Figure 15. 
As shown, the 50 percent probability ignition temperatures for the four 
materials were   found  to be: 

Material 

M30 Pellets 
RDX Slurry 
HI Strands 
M26 Paste 

50 Percent Ignition Temperature, 

~1035oC 
>1066oC 
-7860C 
-500oC 

Regional Thermal Test 

Differential scanning calorimetry (DSC) was evaluated for hazards 
classification in the first program (Ref, 2). Most of this section has 
been extracted directly from the final report for that work. 
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Table 10 

Local hot spot teat results 

Sample 
material 

M 30 Pellets 

(T50-1035
oC) 

RDX Slurry 

CT50>1066
oC) 

Ml Strands 

(T50-786OC) 

M26 Paste 

(T -SOOOC) 

Ball 
temperature ( C) 

510 

594 

788 

1066 

510 

788 

1066 

510 

705 

788 

871 

1066 

233 

427- 

510 

594 

Experimental 
"probability 
of ignition Comments 

0/2 - OZ No reactions 

2/10 •« 20Z Consumed, not burned 

3/15 - 202 Burns 

8/15 - 53Z Bums 

0/3 - OZ - 

0/8 - OZ Wisps of smoke 

0/15 - OZ Wisps of smoke 

0/4 - OZ 

5/5 - 50Z Bums 

4/15 - 27Z Bums 

7/11 - 64Z Bums 

10/10 - 100Z Bums 

0/2 - OZ 

0/10 - OZ 

10/15 = 67Z Bums 

10/11 - 91Z Bums 
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Fig  15     Local  hot   spot  test   results 
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The objective of this test Is to determine the activation energy 
for inprocess materials and to determine the autoignition temperature 
corresponding to a given heating rate.  Numerous process operations re- 
quire heat addition to *!♦ working material, e.g., dryers, and melt-pour 
operations.  This results in normal operating temperatures greater than 
ambient.  Abnormal heat additions can occur due to failure of cooling 
equipment or steady frictional heating.  The activation energy is a mea- 
sure of a material's susceptibility to chemical decomposition at any 
temperature.  A high activation energy indicates slow decomposition. 
The autoignition temperature places an upper bound for the safe opera- 

tion of any process. 

In the hazards classification system developed in the first project, 
of the four materials to be tested, only one (M30 pellets) represented 
an operation where the heating test would be necessary.  The M30 air 
dried pellets are exposed to a drying operation which normally requires 
heat addition.  Therefore only M30 pellets were comprehensively evaluated 
using DSC in that work.  Data for RDX slurry was also obtained experi- 
mentally but the ignition temperature for M26 paste  had to be esti- 
mated and for Ml strands had to be extracted from the literature. 

Test Description 

The DSC was chosen as the best method to achieve the desired objec- 
tives.  During the test, the sample material and a reference material 
are heated simultaneously a. the same rate.  The sample and reference 
are contained in separate cups but placed in a common holder.  Both cups 
are instrumented with thermocouples.  The difference in electric power 
required to keep both sample and reference pan at the same temperature 
is  recorded and the record is called a thermogram.  An endothermic pro- 
cess (heat absorption) will require power to the sample pan and results 
in a downward deflection of the recorder pen.  An exothermic process 
(heat release) will required less power to the sample and the recorder 
pen will deflect in the opposite direction.  The temperature at which 
ignition occurs is clearly evident on the thermogram. The DSC analyses 
permit interpretation of phase changes, decomposition, melting points 
and thermal stability. 

The test procedure is relatively easy.  The tests were performed 
in atmospheric air.  The instrument can handle other gaseous environ- 
ments. A heating rate of 10oC per rain was selected for these tests. 
The M30 sample was sliced to a size of 1 mm x 1 mm x 0.1 mm thick.  A 
small lid was placed over the sample after It was placed in the sample 
cup.  The reference used in these tests w«s merely an empty sample cup. 

The thermogram for M30 triple base propellants (lot number RAD 
77F0015012) is shown in Figure 16.  Curve B is the M30 thermogram. Curve 
A is a blank run under the same conditions as the sample curve but with 
both pans empty.  This was merely to confirm that a straight, horizontal 
base line was achieved.  The M30 thermogram is seen to decrease mono- 
tonlcally as temperature increased between A0 and 170 C.  This behavior 
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Fig 16 Example thermogram 
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is probably due^o evaporation of the solvents that were present in  the 
sample.     At 170 C the M30 clearly begins to decompose  thermally.    This 
onset of an exothermic  reaction leads  to   the autoignition of this ma- 
terial.    Safe handling of  the material should be limited to below 170oC. 

RDX slurry was also evaluated using DSC.     The autoignition tempera- 
ture was determined  to be 2550C, 

Further analysis of   the  thermogram will produce  the activation ener- 
gy.     The rate  of energy evolution  is proportional  to the amount of pen 
deflection on  the  thermogram.     In  this case only  the exothermic reaction 
is of  interest.     To measure  the amount of deflection,   it  is necessary to 
select a base line.     Two possibilities exist:     choose a horizontal  line 
tangent  to the peak of  the endothermic  reaction,  or draw a line on an 
angle  tangent   to   the endothermic curve.     Both lines are drawn ir Figure 
16 identified respectively as line  'a'   and line  'b',  and the deflection 
was measured  in arbitrary units  from each base  line up  to  the exothermic 
curve.     The data are presented in Table 11. 

Following  the  derivation and analysis methods of  Ref.   1A,   the acti- 
vation energy can be calculated  from the following equation: 

r*      ~19'16  1Og10   W 
ITfj  - 1/T2     (J/mole) 

where d  is   the pen  deflection at a  temperature T.     This also can be 
written: 

E* = -19.16m 

where m is  the  slope of a  straight line for  log d versus 1/T.     The data 
from Table  11 were  plotted  in  Figure  17 to determine m.     A low activa- 
tion  energy   indicates  rapid decomposition.     Therefore,   in analyzing  the 
experimental  data,   it  is  safer  to  choose   the method giving  the  lowest 
value of  the activation energy.     This  indicates  then,   for   M30   triple- 
base propellant  pellets,   the activation energy is 2.63 x 105 J/mole. 

Relation Between  Local and  Regional Thermal  Test Results 

Figure  18 shows  some  Bureau of Mines data  for black powder   (Ref    15) 
Three  types of  data are  presented.     The highest  ignition temperatures 
correspond  to ignition by small metal balls.     The  lowest  ignition temper- 
atures correspond  to  DSC results,   in effect an  infinite reservoir at  the 
indicated  temperatures.     The transition between  the local  and regional 
ignition results was given by  tests placing the sample on a large con- 
stant   temperature  surface  for a specified duration.     Based on  this com- 
parison of black powder  thermal   test results,  it appears  that  the  local 

A 
Srt^e!t  ^   the DSC realisti"lly bracket  the thermal  ignition modes 

and should be adequate  for hazard  classification purposes. 
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Table 11 

Thennogram data analyses for determining activation 
energy of M30 pellets 

For  straight  horizontal  baseline: 

d T(0C)     T(0K) log, Od 
1/T x 10- 

(l/QK) 
1 

2 

3 
4 

5 

0.5 

2.0 

5.5 

10.0 

17.5 

175 

180 

185 

190 

195 

448 

453 

458 

463 

468 

-0.3010 

0.30^0 

0.7404 

1.0000 

1.2430 

2.2321 

2.2075 

2.1834 

2.1598 

2.1367 

m 
lo8l0 (<W  -0.699 
TTT: TTT - -14.654 

-2   -*i 0.0477 

E* = (-19.16)(-14.654) = 2.81 x 105 J/mole 

For decreasing baseline (tangent to curve): 

d   T(0C)  T(0K)    log10d 

1 1.2 175 448 0.0792 
2 3.0 180 453 0.4771 
3 7.0 185 458 0.8451 
4 11.8 190 463 1.0719 
5 19.2 195 468 1.2833 

-0 9927 -n 71 0:0723 

E* = 2.63 x 105 J/mole 

Horizontal baseline:  I 2.81 J/mole 

Sloping tangent baseline: E* -2.63 x 105 J/mole 
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Fig 17    Determination of  slope n  for data  in Table 11 
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Electrostatic Discharge Testa 

In process plants, several types of electrostatic hazards exist. 
These Include: 

• charging of powder within sxldlng particle layers 

• charging within dust or aerosol clouds Inside vessels 
or unconflned 

• charging within dielectric liquids 

• ungrouided equlpoent itens becoming charged 

• ungrounded persons becosslng charged 

• dielectric surfaces becoalcg charged 

The first three cases Involve an exchange of electric charge be- 
tween the process material and Its surroundings. As the charge density 
within the material Increases, the electric field Intensifies until a 
discharge (charge relaxation releasing energy) occurs.  If such a dis- 
charge has sufficient energy to Ignite the process material, an energetic 
reaction (fire or explosion) will result. 

The last three electrostatic hazards listed above Involve something 
other than the process material becoming charged.  When such an Item be- 
comes charged, its voltage iiKreases-  If the item's voltage becomes high 
enough to cause a discharge to occur, generally to a nearby grounded 
item, and if the process material is exposed to the discharge, ignition 
can occur.  A person can store on the order of 15 millijoules of electro- 
static energy and ungroinded netal Itenis can easily store several joules. 
Again, if the discharge energy is sufficient to cause ignition, a fire 
or explosion can result. 

As can be seen froa the above discussion, the electrostatic hazard 
reduces two characteristics:  the susceptibility of the process material 
to become electrically charged and the Ignition sensitivity of the ma- 
terial to an electrical discharge. The problem is actually somewhat 
more complex In that different aiaterial will discharge ("breakdown") at 
different electric field strengths, but for purposes of hazards claisi- 
ficatlon the slaple view of the hazard in terms of charging suscepti- 
bility and Ignition discharge energy will be adequate. 

Charging susceptibility Is characterized by the electrical relaxa- 
tion time of the process material,  A discussion of the charging mechan- 
isms and formulation of an equation for charge density being proportional 
to relaxation tine are presented In Reference 21.  The electrical relaxa- 
tion time of a material Is equal to the ratio if the material's permit- 
tivity to its conductivity, both  quantities of which are measureable. 
To characterize the ignition sensitivity of a material to electrostatic 
discharge, the saaple must be eycposed to discharges of various energy 
levels in a manner analogous to most of the other types of sensitivity 
tests. 
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A comprehensive experimental evaluation of the available measuring 
techniques for the electrical properties (permittivity and conductivity) 
was completed under the prior hazards classification contract.  Small 
sample holders (typical of the sizes generally used for these tests) 
were used.  The samples were generally pressed and did not represent 
the real process form.  It was decided to improve these tests in the pre- 
sent program by allowing the sample to be placed in the sample holder at 
the same bulk density as it exists in the actual process.  For inhomo- 
geneous samples, such as pellets and strands, this required that the sam- 
ple holder be made significantly larger. 

In the paragraphs below, the techniques which have been used to mea- 
sure the different electrical properties of the test samples will be de- 
scribed.  These include discussions of permittivity, conductivity, relaxa- 

■tion time, and ESD ignition energy. 

Permittivity ' . 

The permittivity, e, is usually expressed as the relative permit- 
tivity, er, with respect to the permittivity of free space, e . 

i The relative permittivity is, 

1 v- 
i 
j and is referred to as  the dielectric constant,  K.     The permittivity a? 

free space has a value 

i e r- =  8.85 x 10"12    (coul2/n-m2) 
; i 36    x 10 

i The dielectric constant of a material can be determined by measur- 
! * Ing the influence of the test material on the capacitance of a parallel 

plate condenser.  A condenser is formed wherever an insulator (i.e., 
dielectric) separates two conductors between which a difference of po- 
tential can exist. 

• In the case where the condenser electrodes are plates having a con- 
>{ stant spacing, the capacitance, C, is given by the expression 

1 
C = 0.08842 K |        (pf) 

where 

l A ■ area of active dielectric in square centimeters 
d ■ spacing between plates in centimeters i 

([ 
•l K » dielectric constant 

S 
I 
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The dielectric constant Is a material property and 1» »ub«tantlally 
Independent of frequency unless polar effects are Involved. 

Molcules of a dielectric may be either polar or nonpolar.  For polar 
molecules, the dielectric constant under alternating-current conditions 
is increased as a result of the rotation of the polar aolecules under the 
influence of the applied voltage (Ref. 20).  The extent to which this 
polar action is effective depends upon the frequency and the tesperature. 
If the temperature is lowered sufficiently, polar rotations are  prevented, 
causing the dielectric constant of'the material to drop.  Sinllarly, if 
ihe frequency is  made tufflciently high, the polar molecules are not able 
to follow the alterations of the applied field and the dielectric con- 
stant drops.  The losses exhibited by dielectrics appear to  be associated 
with the presence of polar molecules and free ions. 

Polarization and conduction are the cumulative results of oolecular 
charge carrier aoveraert in the dielectric material.  Polarization involves 
the action of induced dipolgs.  Conduction refers to the ntcsber of free 
charge carriers (electrons) persent.  When an alternating-current is 
applied, the dipoles oscillate because of the cyclic nature of the elec- 
tric field.  The di^ole oscillation stores and dissipates the energy. 
Accordingly, the dielectric properties of the material can be expressed 
in terms of the dielectric constant and the loss factor. The dielectric 
constant is related to the amount of electric field energy that the 
dipoles in the material temporarily store and release during each half 
cycle of the electrical field change.  The loss factor expresses the dis- 
sipation of energy caused by both conduction and dipole oscillation 
losses.  The dielectric constant and loss factor are expressed in com- 
bined form as a complex permittivity 

r  e   Je 
o    o 

where 

e    = coaplex dielectric constant 
r 

c'   = dielectric constant 

e" ■ loss factor 

j  is  the phasor operator     (/-I   ] 

Peraittivity Mcasurements 

k The dielectric  constants of the inprocess propellant naterials were 
('• obtained by measuring  the effect of  the material on  the capacitanc- of 

a par.'lei  plate condenser.     Figure 19 is  a block diagraa of the test 
setup used  for  these determinations. 
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The parallel plate capacitor consists of   tvo alualnum disks 45.72  cm 
(18.0  inch)   in diameter and 2.54 en (1.0 inch)   thick.     Copper leads 
0.0794cm  (0.Q312  inch)  by 0.635 en  (0.25  inch),  approximately 45.72 cm 
(18.0  inch)   long were used  to connect  the  parallel  plates   to  the measur- 
ing equipment.     The measuring equipment consisted ot  a General Radio 
Company Type  1620-A capacitance measuring assembly:     a  Type  1311-A audio 
oscillator,   a Type   1615-AM capacitance bridge,  and a Type 1232-A tuned 
amplifier and null  detector. 

The teflon ring was used to contain the sanpl* In a cylindrical 
shape and also   to maintain the parallel plate  spacing.     Three  sizes of 
teflon rings were used  for various  tests.     The purpose for using three 
ring sizes was   to  obtiln   Independent  measurements  for assessing the pre- 
cision of  the measurenonts.     PemltLlvity  is a material  property  and 
therefore should be  Independent of  dimension.     The three  teflon  rings 
had equivalent  diameters.   23.50 cm (9.25  inch)   ID and 24.13 cm  (9.50 
inch)   OD.     The  three hei.-ht  dimensions were 0.63S cm  (0.25  inch),   1.27 cm 
(0.50  inch)   and   1.91  cm  (0."'5  inch). 

The parallel   plate  capacitor described here   Is relatively  large. 
The purpose of  providing s  large  sample holder was  to accommodate   the 
propellant materials   in   their   inproccss  form.     We believe  it   is  impor- 
tant   to  test   the material with a minima amount  of preconditioning of 
the   test samples. 

The  technique   for determining  the dielectric  constant of  the mate- 
rials was patterned after  those described ay  E.   E.   Walbrecht   (Ref.   8). 
With  no  sample   In  the   fixutre,   the  capacitance was measured by separating 
the plates  a  known distance.     Three  small   teflon disks were used   for 
this purpose.     The disks were  0.635 cm (0.25   inch)  dla.   by  0.635  cm 
(0.25  inch)   iong  and were  used  to simulate  the separation distance  pro- 
vided by  the smallest,  previously described,   teflon  ring.     The measured 
capacitance was  compared with   the calculated value.     The difference   is 
■ittributed  to  stray capacitance and  fringing.     The  Influence of   this 
capacitance was  accounted  for by  calculating an effective plate  area. 
The effective  plate  area  has a  value  that  would  provide a  capacity equal 
to   the measured  capacitance.      Finally,   those procedures were  repeated 
to determine the effective plate area lor the 1,27 cm  (0.50 inch)  and 
1.9'   cm  (0.75   inch)   separation distances. 

The  teflon  rln;; holder was  placed at   the center of   the aluminum 
disk  and  filled with  the   test material.     The second aluminu:n disk was 
placed on  top  of   this  assembly as dhawn  in   Figure  19.     The measured 
capacitance,   C,   is   the sum of   capacitance contribution*  from  the  air 
area,   teflon   holder area and  i ample  area, 

Co     (K A    + K.A    + KA  ) 
C-—r        oa 1c s d 

and 
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\   Cd (K A  "> K.A ) 
o  a         I  c 

K"  e    A 
O      3 

A 

where 

K    " dielectric constant of  sample 

K    =  dielectric  constant of  ring holder  (K^  •  2.1) 

K    ■ dielectric  constant of  air  (K    ■  1.0) 
o 0 

d     = plate separation  (cm) 
2 

A    = effective cross-sectional   area of air area  (cm  ) 
a 

2 
A    ■  ring holder cross section area   (cm  ) 

c 
2 

A    »  sample  cross section area   (cm  ) 
s 

Conductivity 

The conductivity of  the material,  O,   is  the reciprocal of  resistiv- 
ity,   p.     The procedure  for determining conductivity of  the material   is 
to measure   the sample's  resistance,   R.     Using  the measured value of  R 
and  the physical  dimensions  of  the sample,   the  conductivity  is  deter- 
mined: 

A R 
s 

(mho/cm) 

where  As and d are  the  cross-sectional  area and  length  of  the sample, 
respectively. 

Tne instrument  used  for  the   resistance measurements was a Hewlett 
Packard Model  4329A High  Resistance Meter.     This  unit  has a  range  500K 
ohm to  2 x  1016 ohm and can be  used with  7  test  volcages in  the  range 
10 volts  to  1000 volts.     The capability   for varying the  test voltage  is 
useful   for  Identifying voltage  coefficient  of  the materials.     Unfortu- 
nately,   the  relatively high conductivity of   the  M26 and M30 materials 
did not  permit   these measurements with the existing equipment. 

An alternate method   for determining conductivity was a direct mea- 
sure of  conductance,  G.     This method provides  a means   for obtaining con- 
ductivity as a  function of   frequency.     The equivalent  circuit and phasor 
diagram  for  this  determination  is  shown   is   Figure  20. 
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Relaxation Tire  Constant 

The ability of a material   to store electrostatic charges  Is related 
to  the  relaxation  time,   T.     If  the  relaxation time  Is  short,  charges 
will be dissipated as  fast  as they are acqulied.     If  It  Is  long,  more 
charges will be acquired  than  lost and  the eJecttlc  charges will build 
up on   the surface  of   the material.     The relaxation time constant  for a 
material can be  calculated 

T  = e/o (seconds) 

where c Is the permittivity and 0 is the conductivity.  For a particular 
material sample 

d      A 
T « RC = p — x eoK -^ = PC^K  = pc     (seconds) 

Energetic Materials 

Min .«?? ►""Sli10    materlal£ tested du^g ^e program were Ml strands. 
M30 pellets.  M26 paste and RDX slurry.     Preconditioning of the  test sarn^ 
pies was nominal   and did not  significantly  Influence  the measurement. 
The Ml  strands were  cut   to  lengths of approximately 2.5 cm  (1.0  inch) 
in order  to obtain  the desired packing density  in  the   test   fixture.     The 
M30 pellets were placed  in  the  test   fixture  in an orderly  fashion,   rather 
than  random packing.     The M26 material on hand showed considerable agglo- 
meration;  however,   granular samples were selected  for  the  tests. 

Ideally     the sample density for  the  electrical  tests would have been 
the same as  those  used  for  the previously conducted sensitivity tests 
(i.e..  0.838 gr/cm3  for M30.   0.829 gr/cm^ for M26 and 0.45 Rr/cra3 for  the 

ertiesP e"   \ ^ d?nsitic3 vere ^ maintained   for  the eU^lcS p^J- 
erties  test  because  the parallel  plate  test  fixture could not  support  the 
required pressing force.     The procedure used here was  to brim fiil  the 
•ample holder,   thus assuring electrical  contact with the plates while 
maintaining a  constant separation distance.     The  test  samples were weighed 

pleteS! y CalCulated after the electrical measurements were coL 

Experimental   Data 

m^M^T "P"1"1^*1  dat'-1 is Presented here  In   tabular form.     T^e per- 
mittivity,   resistivity and relaxation time are shown  as a function of  the 
test  frequency.     Table  12 contains the  results of  the Ml  mater al  test 
As shown  in Table  12,   the electrical properties  of  inprocess "l L erll 

time ^ho11"0' depende!Jt!     ^ Permittivity,   resistivity and  relaS  ion 
t me show a pronounced  increase with,decreasing  frequency.     The permlt- 

' i't^    "  ^nTfl  15 S'0 X  10        ^2^»2 2d  the reUstlvU • 
10-2 to Too""** ^H  

15 X  10    Ohl0-B>eter-     ">« relaxation time  is  in  the iv      to 10"    seconds range. 
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The M26 material  also  shows an  increase  in electrical properties 
with decreasing  frequency.  Table 13.     The permittivity is  in   the  range 
60 -  300 x 10~12  coul2/N-M2  and  the resistivity is about  2 -  7 x  105 

ohm-meter.     The  relaxation time  is about 1  - 10 x 10-5 seconds. 

The M30 sample data  is shown  in Table  14.     The elctrical  properties 
are sirail.-'r  to  those described   for M26.     The relatively large  pellet size 
for   the M30 material  was  not   compatible with  the  dimensions  of   the  sample 
holder.     Accordingly,  only one  sample size of M30 material  was evaluated. 

Table  15 summarizes  the results  for the  RDX slurry.     The permittiv- 
ity was measured  between 20   - 40   coul2/N-M2  and  resistivity was measured 
between 8 and 85 x  10^ ohm-meter.     Therefore,  within  the range of mea- 
sured values,   the relaxation time was  found  to be about  2  to  33 x 10"^ 
seconds. 

Observations and Comments I 

The materials tested appear to behave as polar dielectrics. This 
tendency is manifested by the substantial increase in permittivity for 
decreasing test frequency. ^ 

The relatively low values of resistivity for inprocess test samples 
(i.e., compared to pressed samples), indicates that the solvent content 
may be the overriding factor in determining the electrical properties of 
the materials in their Inprocess form.  It appears that the physical 
characteristics of the material should be well defined for a particular 
process stage.  The electrical properties could then be assessed for 
these conditions. Testing preconditioned samples is perhaps a more satis- 
fying task; however, this technique provides little Information on the 
inprocess characteristics. 

The requirement for assessing the electrical properties at d.c. 
(i.e., test frequency = 0) is clear.  The Increase in permittivity, re- 
sistivity and relaxation time with decreasing frequency suggests that 
larger values of relaxation time will occur at or near d.c.  Also, the 
mechanism for the material to acquire charges in process plants is due 
to relative motion between the material particles and the container wall. 
One could reasonably assume that those charges would be acquired at a 
lew rate -- analogous to a low frequency. 

Figure 21 shows the measured electrical relaxation time plotted 
against frequency on log-log paper.  In all cases except for Ml strands, 
the data seems to be leveling off at low frequencies.  If we arbitrarily 
select a low frequency of 1 per second in order to characterize the ma- 
terials susceptibility to charging, the data in all cases can be approxi- 
mately extrapolated back to that value to define the material's "low 
frequency" relaxation time.  For M30 pellets, the relaxation time Is 
about 1.3 milliseconds.  For M26, the time Is about 0.2 milliseconds. 
For RDX slurry, the time is about 25 milliseconds.  For Ml strands. 
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Fig 21  Relaxation time versus frequency Tor the inprocess materials tested 
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the relaxation time Is about three hours.  By comparing these re- 
sults with a time (say 0.1 seconds) Milch should characterize the charg- 
ing process of for example particle-wall contacts. Ml Is found to be 
highly susceptible to charging, M30 la not susceptible to charging, M26 
is not susceptible to charging, and RDX la marginal. 

The use of a relatively large sample holder to test Inprocess mate- 
rials provides a feasible approach.  The relatively large size of the 
M30 pellets required orderly packing — as opposed to random packing. 
However, the M30 naterials can be tested in their inprocess form using 
this procedure. 

Finally, it should be noted that the data reported here was obtained 
under field conditions. It is anticipated that the precision of measure- 
ment could be Improved with improved test procedures. Controlling and/or 
determining the solvent content of the test material would provide useful 
Information. Also, the control of external factors, such as temperature 
and relative humidity would Improved the quality of the measurements. 

ESP Ignition Tests 

The circuit used to conduct the ESD ignition tests is shown In Fig- 
ure 22.  The capacitor is cnarged to the desired voltage level, V. The 
energy stored in the capacitor is given by 

e-^CV2 

where  C Is the  capacitance.     Not all  of   this energy will  be dissipated 
in the  discharge.     For this  reason,   the reslster Rj  is added  to  the cir- 
cuit.     Measuring the voltage across  this resistor as a  function of  tlmt 
Vj(t)  gives  the current-time  relation through the sample 

■ i V" 

The voltage across the sample is obtained irom the difference between 
the two measured voltages: 

\ v8(t) = V(t) - \i(t) 

The energy dissipated in  the discharge  In the sample is then given as 
ij the  integral over time of  the power  (Vs(t)•!  (t)) : 

b (t)-i (t) dt s s 

;i where  T  Is   the discharge duration. 

81 

TT 



r 

'■•#" 

Sample 

i . 

i 

ii 

Capacitor O-lpF 

Mechanically actuated 
switch 

I . 

Fig 22  Schenatlc circuit diagram for electroststic discharge test 
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lb* «aaeL« holders used for powdered and pellet or strand materials 
are showo ip Figure 23. 

For yowier saicples,  the spark gap was always 0.32 cm (1/8 Inch). 
For pell«« «wi strands,   the needle electrodes were always on opposite 
sides of toe Maple along the circumference.    More orientations of  the 
electrodes eiould have been triad in  the  testing, but only a  limited 
number cf l*fta could be accomplished.     It  is expected  that  the discharge 
energy «£U aave a different effect  for different gaps between  the elec- 
trodes-    Toerefore,   the energy probably should be expressed as energy 
per unil sv*r5c length.     Spark length will be  the gap  length for powder 
or liquid taaples and will be  the distance between the electrode needle 
tips alvnt &» circumference for pellet or strand  type sanples.     For the 
final hatarw  classification procedure,   it is  suggested  that  three  gaps 
(0.318 cm,. 1,155 cm,  and 0.079 cm)  be used as a standard.     In  the  future, 
more work ©to-jld be done  to better characterize  the relationship between 
spark ^ap md  ignition potential in order to possibly  reduce  the number 
of test* r*triired. 

Tbe £{3 tests which were conducted are summarized in Table 16.    No 
Initiations were obtained  in any of  the  tests which were   conducted.     For 
M30 pellei* in 4 out of 15  trials  (27 percent) bum marks were observed 
when 3 JPU>» stored at 10 kilovolts  in a 0.1 microfarad  :apacitor were 
dischargee into  the sample.     From the oscilloscope  records,   it was found 
that oalv i^tween  7 and 32 percent  (^plcally 18 percent)  of  the capaci- 
tor energy i» actually dissipated  in  the sample.    Therefore,   the discharge 
energy experienced b>   the sample was only about 1 joule w^en 10 kilovolts 
were a^pliei to  the capacitor.     Thus,  based on  the  tests rfhich were con- 
ducted, TIOK of  the four sample materials will become  ignited if exposed 
to electrit discharges up  to about 1 Joules. 

Flaae Iprl^lon Test 

Ac *i-i be seen  in  Section 6, when  the procedure is presented,  a 
flaae igcillon test is required v'.en  the sample material has been found 
to be Insewitive  to all  the stimuli required in  the sensitivity evalua- 
tion.     Tae flame ignition test merely exposes the sample  to a well char- 
acterliec flaae  for a specified  length of  time.     If  ignition does not 
occur,  toe sain>le is  considered  to  be very insensitive and no more clas- 
sifltatioc testing  is  required.     If  the material  is  found   to be  sensi- 

J tive  in antr of  the previous sensitivity  tests or  the flaire Ignition test, 
% an evalueiioo of  the potential consequences of an igniticn (e.g.,  mass 

explosloiv auss fire,   firespread,  etc.)  is necessary. v 
The flaae ignition test  is  clmple enough that an experimental evalu- 

ation of lie test procedure was not considered necessary.     In defining 
the te«i«, the following items were considered: 

\.    TZJZ flame will have  to impinge on some powders  rjid 
? Si^oids which could be blown away  if  the gas stream 
| . t» not gentle. 
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Metal dish 
on grounded surface 

Needle electrode 

Sample iraterlal 

0.32 cm  (1/8 in.) 

'/////////////////. 

2,38 cm 
(15/16 in.) 

Powder samples 

\\ 

Needle electrode 

Sample 

Needle electrode- 

Gap - distance between e^ .ctrodc 
along circumference 

Fig 23 Sample holders for electrostacic discharge tests 
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Table 16 

Summary of ESD Ignition tests 

Sample 

M30 

Ml 

M26 

RDX 

voltage 
(volts) 

Number 
of trials 

1000 
2000 
3000 
4000 
5000 
6000 
7000 
8000 
9000 
10000 15 

1000 
2000 
3000 
4000 
5000 
6000 
7000 
8000 
9000 

10000 22 

1000 
2000 
10000 

500 
750 
1000 
2000 
3000 
4000 
9000 

10000 2 

Remarks 

No reaction 
No reaction 
No reaction 
No reaction 
No reaction 
No reaction 
No reaction 
No reaction 
No reaction 
Burn mark observed in 4/15 trials 

No reaction 
No reaction 
No reaction 
No reaction 
No reaction 
No reaction 
No reaction 
No reaction 
No reaction 
No reaction 

No reaction 
No reaction 
Brown spot observed in ./8 trials 

No reaction 
No reaction 
No reaction 
No reaction 
No reaction 
Powder blows away from arc 
Powder blows away from arc 
Powder blows away from arc 
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2. The flame should be Inverted at, for example a 45° 
angle, so that it &«M|impinge up on samples which 
must be held in a cup (e.g., liquids). 

3. The flame should be fairly intense because this test 
represents the final criteria for saying that the 
material is very unlikely to be ignited by any means. 

4. The flame should be well characterized and reproduc- 
ible. 

It was decided to use a standard Bunsen burner with a 9.5 mm (3/8 inch) 
inside diameter barrel.  The burner gas should be propane and the burner 
should be adjusted to produce a 25 to 35 mm (1 to 1 1/4 inch) high inner 
cone when standing vertical in the normal position.  The burner should 
also be adjusted to produce 960° ± 50C at the top of the inner cone. 
These requirements are very close to many standard tests using a gas 
burner. 

Once adjusted, the burner should be placed in a holder so that the 
flame points downward and the barrel axis is on a 45° incline to the 
vertical.  A 5 gram sample (or a similar appropriate quantity if an in- 
homogeneous sample such as pellets or strands is used) should be lifted 
remotely into the flame so that the tip of the inner blue cone just con- 
tacts the sample.  The material passes this test if no ignition occurs 
during the exposure.  The exposure should be for a minimum of one minute. 

Critical Diameter Test 

The critical diameter test is a screening test in the procedure, 
used to help determine which effects test will be most representative 
of the consequence of an initiation.  Hie critical diameter test is ap- 
propriate for materials which exist in a volume (bulk) in the process, 
rather than in a layer.  The test is designed to answer the question,* 
if a detonation already exists in the process (e.g., in an adjacent 

vessel) can the material in this process vessel propagate the detona- 
tion? i.e., is this material detonable?" 

The apparatus chosen for this test is illustrated in Figure 24 and 
a photograph of the apparatus used in one test is shown in Figure 25. 

The booster explosive is made long in order to produce a flat deto- 
nation front at the interface between the booster and the sample  The 
explosive sample Is put in a tube with a length to diameter ratio of at 
least 6 to 1.  This high length to diameter ratio was found to be neces- 
sary in order to allow the "overdriven" reaction front to stabilize and 
still have sufficient tube length to judge whether or not the reaction 
is stabilized or dying inside the sample material.  Naturally, the longer 
the tube is, the easier it is to interpret the test results.  The L/D 
ratio of 6 was found to be a good balance, making the tube size handle- 
able while still being able to Interpret the-data.  The 76 critical 
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Ten holes evenly spaced 
for fiber optic light pipes 

C-A booster 

(L/D = 3) 

Tube confinement 

Number 6 
blasting cap 

Tetryl pellet 

Witness plate (1 in. thick) 

Explosive 
sample 
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Fig 24 Critical diameter test apparatus 
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diameter  tests which were  completed are described  In Table 17.     The early 
tests concentrated on ref^nwig  the  test procedure,   for example determin- 
ing  that  an L/D   of 4 was  inadequate,   requiring an L/D of 6  instead. 

All   four sample materials were  tested  in 0.318 cm  (1/8  inch) walled 
steel  tubing.     To evaluate  the effect of confinement,  M26 was also  tested 
in  0.635  cm  (1/4  inch)  walled steel   tubing and  cardboard  tubing  (effec- 
tively  zero wall  confinement).     The  76 tests were not sufficient  to ac- 
curately determine  the  critical  diameter  for all   these  cases,  but  an 
approximate value  could be derived  from the data for each case  considered. 
Wherever possible,   the  Bruceton  technique was used  to determine  the diam- 
eter    corresponding to a 50 percent probability of propagation.     Where 
insufficient data was  available,  other techniques were used such as 
grouping data to produce an  approximate experimental  probability curve. 
Figure 26    shows   the sequence of   tests  for M26 paste  in 0.318 cm <l/8 
inch) wall  steel   tubing.     Figure 27  gives  the data  for M26 paste  in 
0.635 cm  (1/4  inch)  walled  tubing. 

Figure  28  shows   the  sequences  of  tests  used   to  determine M26  criti- 
cal  diameter in  cardboard  tubing.     On  the  figure.   Sequence  1  arrranged 
the available  test results  into  the  Bruceton series shown on  the left 
side of   the figure.     The dotted circle is an  assumed  "No Go"   (not actual- 
ly  done) which was  added   to   Sequence   1   to produce  Sequence  2. 

Similarly,  sequences  3 and 4  are shown on  the right side of  the 
figure.     Depending on how the data was arranged,   the critical  diameter 
was  found  to range between  2.26 cm (0.89 in)  and  3.59 cm  (1.414  ir\). 

Figure 29 shows how M26 critical diameter varies with the ratio of 
t/D  (wall  thickness  to  diameter ratio).     The dotted line  is approximately 
the  50 percent probability of  initiation line.     The  four diagonal  solid 
lines  are lines of  constant wall   thickness.     The wall   thicknesses shown 
represent   the  range of practical  process vessel wall  thicknesses 0.08 cm 
to 1.27 cm  (1/32  inch  to 1/2 inch). 

Figure  30 presents  the  results of  tests with RDX in 0.317  cm  (1/8 
in) walled steel   tubing.     All  shots  down  to 0.635 cm  (0.25 in)  diameter 
were positive.     Since  it  is quite unlikely  that  the RDX process vessel 
will be  that small,   there was no need  to carry  the tests  to smaller diam- 
eters.     Therefore,   the  critical diameter  for RDX slurry in 0.317 cm 
(1/8 in)  walled  tubing was   found  to be less 0.635 cm  (0.25  in). 

Figure  31 presents  the  results  for Ml  strands 0.317  cm  (1/8 in) 
walled steel  tubing.     Ml  strands  are  quite difficult  to pack at a uni- 
form density within  the  test volumes.     Because, of  this,   the  log normal 
probability distribution of  "Go's" was  found to be quite wide.     Positive 
reactions were  found at diameters as  small as  1.27 cm  (0.5 in)  and nega- 
tive  reactions were  found at diameters as large as 15.2 cm   (6  in).     Only 
enough  tests were  completed  to determine the approximate shape of  the 
probability distribution. 
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1 

' 2 

3 

4 

i 

6 

7 

I 

Tent 
deaipnatlon 

CD-MJ0-4-.125 

CD-I13O-4-.250 

CD-M30-4-.000 

CD-M26-4-.25 

CI)-M26-4-.125" 

CO-M26-4-00O 

CD-MI-6-.25 

CD-Hl-6-.i:5 

9   CD-M1-6-.000 

10 

II 

12 

CD-RDX-4-000 

CD-RDX-4-.125 

CD-M26-2-.125 

14 

ts 

16 

17 

19 

20 

21 

Date 

4/21/78 

4/25/78 

4/27/78 

4/27/78 

4/27/78 

4/28/78 

5/02/78 

5/02/78 

5/02/78 

5/04/78 

5/04/78 

5/22/78 

Table 
Critical diameter 

Observation 
of vltneas plate 

Dlah plate with 
aooe shear 

Dlah with partial 
hoi* 

No dlah plate 
flat and clean 

Dlah with hole 

Dish plate with 
aone shear 

Dlah only 

Slight dish only 

Slight dlah only 

17 
teat results 

Kesulta 

V* -►2300 B/sec STEADY 
CO 

V-2800 ■/sec STEADY 
CO 

V-dlci out NO CO 

No dish plate 
flat and clean 

Dish with hole 

Dish with hole 

Dish plate 
with some shear 

V* 5000 «/Bec STEADY 
CO 

¥-►4500 o/aec  STEADY 

CO 

V-4500 m/sec STEADY 
CO 

V 2J0O m/sec STEADY 
CO 

V * 1800 «/aec BORDER 
STEADY CO 

V»dleJ out NO GO 

V6000 r»/aec CO 

V-6300 a/sec CO 

V - 8000 m/sec STEADY 
CO 

Remarks 

Tube In small   fragments,   should 
have had L/I^6   (uaed L/D-4) 

Tube  In amall  fragments,  should 
have had L/D-6   (used L/D-4) 

Some 1130 pellets strewn around 
pit area 

Used L/I>-4 

Used l/D-4 

CD-M26-1-.125      5/22/78  Slight dish only  V-8)00«/sec  CO 

CD-C4-0.4-000 

CD-M26-2-.125 

CD-M26-1-.125 

CD-M26-0.5-.125 

CD-M26-0.25-.125 

CD-M26-0.25-.125 

CD-M26-0.5-.125 

CD-MJO-1-.125 

22   CD-M30-2-.125 

5/22/78 

5/26/78 

5/26/78 

5/26/78 

5/26/78 

6/06/78 

6/06/78 

6/06/78 

6/06/78 

None used 

Dish plate 
with some shear 

Dish with hole 

Dish plate 
with some shear 

Slightly dish 
plate 

Dish plate 
with sv«ne shear 

Dish plate with 
snme shear 

No dish; plate 
flat with some 
burn marks 

Dish plate, steel 
tube cape apart 
In strips 

V * 10,000 m/sec CO 

V-6500 m/sec  CO 

V- 4000 m/sec 
DECREASING BORDER 

V -6600 m/sec STEADY 

CO 

V- 1500 m/sec 
decreasing NO CO 

V* 3500 Wsec 
decreasing NO CO 

V 1400 m/sec STEADY 
BORDER CO 

V * 2000 m/sec 
decreasing NO CO 

Used l/D-4 

l./I>-4, tube in medium site 
fragments 

Tube In small fragments, should 
have had L/D-6 (used L/D-4) 
BORDER RESULTS 

Used L/D-4, some Ml strands 
strewn around pit area 

Used L/0-4 

Used L/D-4 

Used L/D-4, density of M26 not 
at constant established but 
at 1.07 gm/cm-1 

Used L/l>-4, density of M26 not 
at constant established but 
at 1.23 gm/cm 

Reaction front velocity way too 

high 

Used L/D-4 

Used L/D-4, border result* 
from streak photo, witness 
plate indicates CO 

Used L/D-4 

Use of 1 In. thick witness 
plate was poor choice, too 
thick; used L/D-4 

Used L/D-10 

Used 1,/D-* 

1 In. thick witness plate 
used, too thick; used •_/tH7 

• 1300 m/sec  NO CO Material residue »•»«<« 
witness plate; used L.'t>-6 

indicates rea.tion front velocity approaches value shown. 
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Table   17   (r.mtd) 

CrllU'tfl   Jiani*'i»*r   U**!   r»-ftullh 

23 Ct>-MlO-2.f.7S-.I25 

2i CD-MJ0-4-.125 

25 CIWI26«.25-.I2^ 

26 CD-M2b-2-000 

2 7 CD-M26-1   000 

28 CD-M26-J-00() 

2H t:D-M2*>-l-.2S 

)0 CD-M2b-I.S-000 

M (:i)-M:b-2-noo 

13 CfVM-'h-l-OOO 

J^ CD-H2h-.3-.I2'> 

3S CD-M2t-.25-. 125 

3b CD-H2b-.5-.12S 

37 CIMl2fc-.5-.l25 

38 CD-M2h-.2S-.12S 

39 CD-M2h-1-.12S 

iO CD-M2b-1-.12S 

41 tn-Rnx-.s-.12S 

42 Cl»-R[iX-.S-.l2S 

6 3 CD-RnX-.2S-.12S 

A6 CD-RDX-.2S-.12S 

b/27/78 

b/29/78 

7/07/78 

7/07/78 

7/0//78 

UbmTVdt l>in 

DI ib platt-;  color 
of  plait.* shows 
lilnh  lempcr.itur** 

Dish  plate 

^ dish plaUM 
( lot with somt- 
burn m.irVs 

Slightly dislR-J 
plat* 
No Jish platei 
fl.it with somi- 
burn  marks 

1700  m/s.T 
treaulnK  NO CO 

V • 1900 m/scc 
dfi-reastnK NO CO 

V ' 4000 r/siT 
BviKOER CO 

ew4   L/D-6 

Witness platr ImliraCes NO CO. 
Hissed (.cope ret ord because no 
CrlK^rlntt occurred.   Used   L/[»-b. 

Ised  L/D-6 

V 'died out  NO CO   l;s"d L/D-b 

7/07/78   SliRht dish only   K.sults questionable 

H/OJ/78 

8/03/78 

8/03/78 

8/03/78 

8/17/78 

8/17/78 

8/17/78 

8/23/78 

8/23/78 

8/23/78 

8/23/78 

8/23/7* 

8/23/78 

8/23/78 

8/23/78 

8/23/;8 

Dished plate with 

sore shear 

Dished plalo 

Dished plate 

Dished plate 
with some shear 

Dished plate 
with some shear 

Dished plate 
wl th some f;hear 

No dish plate, 

flat with none 
burn narks 

Distied plate 

with some shear 

Dished plate 

with some shear 

Plate flat with 

Nome burn marks 

Clean hole 

through plate 

Clean hole 

through plate 

Hole almost 
through plate 

Hole almont 

bhrough plate 

No hole but shear 

V • 4400 m/sec STKADY 

CO 

V • 4S00 m/sec; steady 

SI iy.hi   increase CO 

V - 3100 m/sec 

decreaslof; NO CO 

V • 2S0O m/»ec SiEADY 

CO 

V • 4600 m/sec STEADY 

CO 

V ■ 4100 m/sec steady 
Siight increase  00 

V • died out  NO CO 

No hole but shear 

V > 4800 m/sec  CO 

V • 3800 m/»ec. 

Sliftbtly decrcaslnR 

border * CO 

V •died out  NO CO 

V ' SbOO. risinR  CO 

V •4400 to S000 m/sec 

Steady 

CO by comparison of 
results with shot 42 

V very st-ble at 

about 6000 m/sec  CO 

V very stable at 

about 6000 m/sec  CO 

V stable, rising to 
about S800 m/sor  CO 

Hissed scope record, no explana- 

tion why. No velocity could be 

determined. I'sed I./D-b. 

Used L/(>*6. Explosive loaded 

into .-vpara*.us by increments. 

! Used L/D-6. Explosive loaded 

into apparatus by increments 

I'sed L/I^6. Explosive loaded 

into apparatus by increments. 

Ised L/D-6. Explosive loaded 

into apparatus by increments 

I'sed L/t-6. Explosive loaded 

into apparatus by Increments 

U *ed 1-/D-6. Explosive loaded 

into apparatus by Increments 

I'sed L/D-6. Explosive leaded 

Into apparatus by Increments 

Ised L/l>-b. Explosive loaded 

Into apparatus by Increments 

Used L/D-6. Explosive loaded 

Into apparatus by Increments 

Used L/T>-b. 
Into apparat 

I'sed L/D-6. 

not used in 

Used L/D-6. 

not ujed In 

Used L/D-6. 

Increment B 

U!>ed L/t^6. 

Increments 

Used L/D-12, 

increments 

Used L/D-12 

increments 

Explosive loaded 

us by increments 

Extra K26 shot 
Bruceton 

Ex^ra M26 shot 

Bruceton 

Loaded by 

Loaded by 

, Loadvd by 

, Loaded by 
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T«ble  17  < 

CMlIcnl  dlamete 

coned) 

tesc  results 

Test 

4i 

47 

<.8 

Tt«t 
Jeittamt Ion 

CD-RDX-1-.m 

CD-RDX-1-. WS 

rn-Ml-2.87S-.l2S 

CD-Ml-f.-. 12> 

(:D-M36-.2S-.25 

im/iB 

8/2J/78 

8/24/78 

8/24/78 

Observation 
i>f^ wltness^pl.ilf 

CliMn hole 

CU-.m hole 

Plate dished 
with shear 

Plate  dished 
and   ripped  with 
shear 

V stable at   about 
M>00 m/soc     CO 

No siope  record 
CO based on witness 
plate 

V ♦2100 si/sec  STEADY 
GS 

V -2700 is/Ker   STEADY 

9/08/78  Plate not sheared 

SO CD-M26- 25-.2S 9/08/78 Plate slightly 

sheared 

SI CR-H2b- 2i-.25 9/08/71 Plate only 

slightly sheared 

H CD-M26- 5-.2i 9/08/78 Some shear on 

witness plate 

'ji CD-M2b- 5-.25 9/08/78 Some shear on 

witness plate 

S4 cn-M26- .5-.25 9/08/78 Some shear on 

witness plate 

ii CP-M26- 1-.25 9/08/78 Slgnlfleant 

witness plate 

shear 

"ib i:n-M26- t-.25 9/OK/78 Significant 

witness plate 

shear 

» CD-M26- I-.25 9/08/78 Significant 

witness plate 

shear 

M cn-«2b- .5-0 9/08/78 Apparently no 

witness plate 

damage 

S>) CB-KM- 1-0 9/08/78 Nc witness plate 

damage 

60 rr)-M2b- 2-0 9/08/78 Plate dished 

and pitted 

kl i:D-M26- 4-0 9/08/78 Plate dished, 

pitied and rippe 

6.' CIlUl- .5-.129 9/08/78 Plate dished 

*.J    a)-Ml-l.}-.125 9/08/78   Platv dished 

V drops fron 5000 

•/sec to 3)00 m/scc 
NO GO 

V stabilizes at about 

3000 m/sec  CO 

V stabilizes at 

\. 3000 m/sec CO 

V not constant but 
remains above )3u0 

n/sec  CO 

V stabiUres at about 

J^OO jmfn**     GO 

V dfps jHRhtly but 
4£inalns above 3200 

(/sec  CO 

Significant wlCnc^s 

plate damajtu indi- 

cates nc  CO 

V stable at 4^00 to 

S0O0 m/sec  CO 

V stablo at about 

4500 to 5000 msec 

V drops to below 

1000 m/sec  NO CO 

V drops smoothly to 

about 3000 m/sec and 

appears stable there 

CO 

V stable at about 

■i500 n/sec  CO 

V stable at about 

4500 m/sec  CO 

Velocity recced lost: 

probably CO based on 

comparison of plate 

with test 63 

V -•2400 m/scc 

(stable)  CO 

Used L/D-&. Loaded by 

inrreaentK 

l'»»d L/D-b. Loaded by 

increments 

Used L/D-6. 
Density -0.55 g/cc (too high) 

Used L/l^6. 
Density-0.49 g/cc (too high) 

Used L/D-12. 

Used L/D-12. 

L/D-12. Tube sheared at fiber 

optic probe holes 

L/D-6.  Loaded In three 

Increments 

L/I^6.   Loaded In three 

Increments 

L/t>-6. Loaded In three 

Increments 

L/D'b. Loaded In six Increments. 

Velocltv data lost 

L/D-6. Loaded In six increment* 

l./D-V Loaded in six increments 

L/iy-b.   Loaded in three 
Increments 

L/ri-6. Loaded in six increments 

L/D-6. Loaded In six Increments 

L/D-6. Loaded In six Increments 

; L/D-6. Loau'-d In six Increments 

L/l^6. Loaded In six Increments 
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tffd 
T<'»t  dtfutKnat ton Date 

Table II 

Critical dlanetcr 

Observjtlon 

of wltMss platf 

64 CD-Ml-2.87i-.125 9/08/78 

6i CD-Ml-J.S/S-.Ui 9/08/78 

66 CD-M1-6-.125 9/11/78 

67 Cl-Ml^-.l'S 9/11/78 

6a 

69 

70 

71 

73 

CD-M1-.5-.125 

CD-Ml-.5-.l2'v 

CO-MI-.5-.125 

CD-M1-1-.125 

72   CD-M1-1-.125 

CD-M1-1-.125 

74 CD-M1-2-.125 

75 CD-M1-2-.125 

76 CD-M1-2-.125 

10/02/78 

10/02/78 

10/02/78 

10/02/78 

10/02/78 

10/02/78 

10/02/78 

10/02/7H 

10/02/78 

Plate dished 

Plate dished 

Plate diHhed 

and pitted 

Plate dished 

and pitted 

Minor damage 

Minor damage 

Plate aliKbtly 

dished 

Minor damage 

Minor damage 

Plate slightly 

dished 

Minor damage 

Minor damage 

Plate slightly 

dished 

Uoncl) 

test   results 

V -2000 «i/ser 
(stable)     CO 

Remajrks 

L/D-6.   Loaded   In six  imremenl*. 

I 

V-2000 m/se^- (still  L/D-6. Loaded in Hi« inerem.nts 

droppl-g)  80RUKR 

V dropping  NO (;0    L/D-6. Loaded in six li..rements 

V stabilizes at about L/0-6. Loaded in six inrrements 

2000 m/se. CO 

V dropping NO 00    L/I^t. 

V generally derreas- L/D^6. 

ing with large spike 
toward eml  BORDER 

V stabilizes at about 1./D-6. 

2200 m/«ee CO 

V appears to be sta- I./D-6. 

btlUing at about 

2000 e/see BORDER 

V drcpplng slowly    1./D-6. 

NO TO 

V dropping NO (M    I./D-6. 

V dropping  NO CO    L/D-6. 

V dropping NO CO    L/D-6. 

V seems to stabilize  L/IV6. 
at about 2000 m/see 

r.o 
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0 Negative result (no-go) 

f Borderline result 

• Positive result (go) 
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Fig 26 Critical Jiameter determination for M26 paste 
in 0.318 cm (1/8 In.) wall tubing 
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0 Negative result (no-go) 

• Positive result (go) 
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Fig 27    Critical diameter detennination for M26  paste 
in 0.635 cm  (1/4   in.)  wall  tubing 
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0 Negative result (.no-go) 

• Borderline result 

• Positive result (go) 
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Fig 28 Critical diameter determination for M26 paste 
in cardboard tubing 
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Fig 29 Relation of critical diameter to tube wall thickness for M26 paste 
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0 Negative result (no-go) 

0 Borderline result 

• Positive result (go) 
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Fig 31 Critical diameter determination for Ml strands 
in 0.318 cm (1/8 in.) wall tubing 
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From the data in Figure 31, It appears that the critical diameter is 
about 1.9 cm (0.75 in.), altflfctgh depending on how the data are reduced, 
critical diameter can be anywhere in the range from 1.4 cm (0.56 in.) 

to 6 cm (2.38 in.). 

Each critical ctianieter test had to be evaluated to determine whether 
or not stable detonation was established in the sample material.  Gener- 
ally, the C:4 explosive booster will provide an Initiating detonation 
front much stronger than the stable detonation condition in the sample 
(the sample will be overboostered).  The first half of the tube length 
will involve the detonation front stabilizing from the overboostered 
state to the stable reaction front velocity for the sample.  If the re- 
action front stabilizes in the second half of tho tube length at a nearly 
constant (some oscilJations are expected) supersonic velocity,  on the 
order of 2000 to 8000 m/s (7000 to 26,000 ft/s), a stable detonation has 
been established In the sample and the tube diameter is above the criti- 
cal diameter.  If the reaction front velocity continues to attenuate in 
the secon>i half of the tube, a stable detonation has not been established 
and the tube diameter is below the critical diameter. 

In Figure 32, three typical plots of reaction front velocity versus 
distance derived from the experimental data are shown.  The top curve 
shows the velocity stabilizing at about 2230 m/s.  The middle curve shows 
the velocity dropping, but it appears that it could have stabilized had 
the tube been a little longer.  The botton; curve shows the reaction front 
velocity dropping steadily.  The top curve was considered to be a "Go . 
The middle curve was a "No Go" since even If the velocity had stabilized 
it would have been well below 2000 m/s.  This was a somewhat borderline 
situation.  The third test was clearly a "Ko Go".  In many other cases, 
"No Go" reactions were even more obvious with the velocity probe signals 
weekening In intensity with the. reaction and in some instances accompanied 
by unrearted material left on the witness plate. 

Three examples of data taken using fiber optic "light pipes" as 
shown in Figures 24 and 25 are given in Figure 33.  The light from the 
reaction front was transmitted to a photo cell using the fiber optic 
"light pipes".  Each time the reaction front passed a probe, the photo 
cell voltage spiked.  The oscilloscope records In Figure 33 represent 
time on the horizontal axis and voltage (light intensity) on the verti- 
cal axis.  Average velocity between two probes was calculated by divid- 
ing the distance between the probes at the steel tube by the time be- 
tween signals on the oscilloscope record.  The tine between signals was 
measured from spike to spike when the signals were rharp or between cor- 
responding locations at which the signal rose sharply when the peaks were 
not as narrow. 

Another useful qualitative indication of a detonation is shearing 
of a hole through the 2.54 cm (I in.) thick steel witness plate.  In or- 
der for a hole to be sheared into the plata, the reaction front velocity 
must be greater than the speed of sound  in the plate (about 5945 m/s 
[19,500 ft/s]) at the end of the tube.  Such a high velocity would have 
to be 
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Fig 33 Typical oscilloscope traces from fiber optic velocity probe 
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associated with a detonation, therefore a hole sheared through the plate 
is a good indicator of a positive result.  The absence of a hole sheared 
through the plate does not necessarily indicate a negative reaction since 
the detonation velocity could just be too low.  However, absence of a 
hole generally does correspond to non-detonation or a weaker detonation 
than is typical for most condensed explosives. 

In refining the critical diameter test procedure, two more issues 
had to be resolved.  First, since the test uses a circular cylindrical 
tube, the derived critical diameter is only directly extrapolateable 
to process vessel? which are circular cylinders.  In project SOPHY 
(Ref. 16) equations were derived which can be used to compute an equiva- 
lent vessel diameter for vessel cross-sections which are not circular 
(e.g., triangles, rectangles, etc.).  These relations have been incor- 
porated into the critical diameter test procedure.  Second, considera- 
tion had to be given to the situation where, perhaps due to facility 
limitations, the testing cannot be dona at laige enough diameters to 
obtain positive results (Go's) and the actual process vessel is larger 
than the allowable facility size limitation.  In such cases, the actual 
(full scale) vessel may be able to propagate a detonation whereas the 
largest tests show only negative results.  Several approaches can be 
used to resolve this problem.  Among these are the following: 

1. Analytical Estimation of an Energy TNT Equivalency 

If the chemical composition of the reactants is known, 
the energy released, assuming the mixture detonates, 
can be predicted analytically by a number of methods. 
Using thermochemical tablet .nd simple assumptions as 
-.o  what the products will '.e, a simple calculation 
can be done to obtain an approximation of the energy 
released.  Alternatively, a computer code such as TIGER 
(Ref. 17) or EO"AL (Ref. 18) can be used to obtain a 
more accurate prediction.  The energy release predicted 
for the process chemical can be divided by the value pre- 
dicted for TNT to estimate a TNT equivalency dependent 
purely upon the energy release.  This approach is conser- 
vative in that it assumes that detonation will occur while 
detonation may not actually be possible. The approach may 
not be acceptable to the user in that it requires that 
somewhat complex calculations must be conducted. 

2. Dictate Classification by Policy 

If the critical diameter cannot be determined by test, a 
stcond approach is to admit the lack of knowledge and b^se 
the classification decision purely on policy.  From the 
standpoint of safety conservatism, the logical decision 
would be to clafpify all such materials as Class 1.1A 
(mass explosion hazard). From the standpoint of economic 
conservatism, the logical decision would be to choose class 
1.4 (minor hazard) and design the process plant accordingly. 
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3. Base Decision on.<£4fect3 Test Results 

The third approach is the one which has been selected 
for the hazard classification procedure.  This approach 
Is to base the decision on the results of the effects 
testing.  The mass explosion test is done first.  If 
the TNT equivalency is found to be greater than or equal 
to 10 percent, the material is classified as I.IA (mass 
explosion hazard).  If the equivalency is less than 10 
percent, the mass fire test is done to determine the 
classification. 

Tube Transition Test 

The purpose of this test is to determine the process vessel length 
required for a burning reaction (flame) to transition into a detonation 
in the process material being evaluated.  The test is for materials in 
a volume (bulk) as opposed to materials in a layer configuration. The 
"critical height" test has been a somewhat standardized technique for 
obtaining this information. A short description of this test (taken 
from Ref. 19) is presented in Figure 3^.  This test appears to be a 
realistic simulation of the transition from a submerged flame to a deto- 
nation in process vessels such as hoppers or other bulk material storage 
containers. 

When reviewing this test, several problems were noted.  First, black 
seamless schedule A0 pipe may or may not be representative of the actual 
process vessel wall being evaluated.  This type of problem turned out to 
be unavoidable in the final test configuration chosen for this hazards 
classification procedure.  This will be discussed later.  Second, the 
height to which material is filled in the pipe and the overall pipe 
length are v?riables which will influence the results.  In order to mini- 
mize the number of tests required, these variables should be fixed in 
some way that is representative of the actual process vessel being evalu- 
ated, e.g., fix the ratio of material height to tube height.  Third, if 
the test sample material Is in a loosely packed form, as many process 
material o are, and the transition to deto^tion or explosion is relatively 
slow, the sample material will be blown out of the top of the tube making 
the interpretation of results somewhat difficult.  Fourth, and most im- 
portant, the criteria for a positive reaction in the critical height test 
is an "explosive reaction" of any type, not necessarily a detonation. 
From the standpoint of hazard, an explosive reaction of any type is the 
concern.  It really doesn't matter as much whether or not a detonation 
is achieved.  However, from the standpoint of minimizing the number of 
variables which must be considered as well as interpretation of results, 
a detonation Is a much cleaner criteria.  A nondetonating explosion of 
the test pipe is primarily a problem of pipe structural failure.  The 
response of the pipe wall (which in the test may not be representative 
of the actual process vessel) to the pressure buildup inside is the pri- 
mary phenomena being tested.  In addition, the length of empty pipe above 
the top of the sample in the test will add strength to hold the pipe 
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To firing circuit 

Schedule 40 black, 
seamless pipe 
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12 mg bag igniter 

Steel cap 

Oscilloscope 

Resistance wire 
velocity probe 

Fig 34 Critical height to explosion test setup 
(from reference 20) 
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together during a pressure (nondetonatlng) explosion.  Because of the 
increased number of variables which must be considered and increased 
uncertainties in interpreting the results with "explosion" as the cri- 
teria, it was decided to use buildup to detonation as the criteria for 
transition in the hazard classification procedure.  With detonation as 
the criteria, variables such as pipe length and void snace length should 
only have a nunor influence, if any.  In addition, to avoid blowing out 
the sample through the open top of the apparatus, it was decided to close 
off the test container.  If this affects the results In a test, it will 
shorten the length for buildup to detonation and yield a more conserva- 

tive answer. 

The "tube transition" tests conducted under this project are de- 
scribed in Table 18.  Three types of apparatus are referred to in the 
table.  Thase reflect different concepts which were evaluated during 
the program.  The three test apparatus types are described in Figure 35. 
These represent an evolution forced by problems encountered at each 
step.  The type 1 apparatus is similar to the "critical height" test shown 
in Figure 34 excspt the ti-be is completely full of sample at the actual 
process bulk density, it is capped at both ends (witness plate added), 
and the wall thickness and material is that used in the actual process 
vessel.  Tests are begun ar a diameter approximately 20 percent longer 
than the critical diameter and the diameter is increased to develop a curve 
of critical length for transition versus tube Inside diameter.  The cri- 
tical length should generally increase as the diameter is increased, 
since a single sized initiator is used regardless of diameter.  In an 
attempt to further idealize the test and Identify a single characteristic 
critical length, the Type 2 apparatus was tried.  This configuration was 
the same as Type 1 except the initiation source was maintained at a con- 
stant energy per unit area with a constant density of squib initiators. 
By maintaining a constant initiation energy : :r  unit area, the critical 
length should decrease asymptotically  to a constant (large diameter) 
critical length value.  Unfortunately, both the Type 1 and 2 configura- 
tions had the s* le very Important weakness.  Because the tube walls were 
generally quite weak compared to the Internal pressure buildup, many 
times the tubes exploded from the internal pressure well before a deto- 
nation could be established.  Alternatively, the cap or plate at the ini- 
tiation end would be blown off or punched through.  Based on the Type I 
and 2 test results, it was clear that the vessel would have to bo quite 
strong in order to allow a detonation to develop In many sample materials. 
The Type 3 configuration eventually evolved.  Only three tests were con- 
ducted in this apparatus (one with RDX, one with M26 and one with Ml). 
This was not enough to unquestionably validate the test, however, the 
results were quite promising and the procedure for the tube transition 
test was based on this configuration.  It is suggested that a more ex- 
tensive experimental evaluation of this test configuration be conducted 
prior to Imposing it as a hazards classification test requirement. 
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Table IS 

Tube transition test r.-suits 

Test Test 
designation 

CL-Mr6-1-.125 
Type 1 

a.-M-,6-2-. 
T>pe 1 

-•« 
Dace 

7/07/78 

7/07/7? 

Obscrvat ion 
of witness 

plate 

Slightly dished 
plate 

Dished with 
hole  through 

Results 

No velocltv available. 
visual obsL-rv.it ion of 
apparatus imticotes 
critical length at 
41.9 cm. 

No velocity available. 
visual observation of 
apparatus indi rates 
critical length at 
JO.5 cm. 

Remarks 

Problem in oscillo- 
scope trigger Ing and 
recording; bad scope 
record obtained, used 
light pipes and scope. 

Problem in oscillo- 
scope triggering and 
recording, bad scope 
record obtained, used 
light pipes ani scope. 

3   CL-M26-.5-.125   7/25/78 
Type I 

4   CL-M:6-1-.123    7/20/78 
Type 1 

b CL-M26-4-.12S     7/20/78 
Type I 

Slightly dished 
plate 

Dished with 
hole through 

Slightly dished 
plat-.* 

CI.-K26-2.87V 
Type 1 

I.-K2t 2-. 125 
lype I 

125 7/20/78 Slightly dished 
plate 

7/25/78 HUhed with 
hoie through 

No velocity available, 
visual observation of 
apparatus indicates 
critical lengt.i at 
29.5 cm. 

Problem in iivcilla' 
scope triggering and 
recording, bad scope 
record obtained, used 
cont inuous res ist ance 
probe - 

Good record. used con- 
t inuous resi&t ance 
probe. 

V-U200  m/.-ec. cnlcu- 
tated critical length 
17.3 cm, observed 
critical length 22.5 cm 

No 'elocity available.  Bad scope record ob- 
visaal observation,     tained. used continu- 
ustd a 45.7 cm long tube, ous resistance probe. 
for 20.3 cm the tube    See Note 1. 
held then split and 
twisted for remaining 
length, no critical 
length could he de- 
trrmlned. 

No velocity available. Problem with oscillo- 
visual observation. scope trigg*-rin^. bad 
used a 45.7 cm long scope record obtained, 
tube; it split the en- used cent inuous resis- 
tire length, no crlt leal tance probe. Zc-  Note 1 
length could he deter- 
mined. 

No velocity available. 
Visual observation of 
apparat us indicates 
critical length at 
JO.8 cm. 

CI.-K26-2.875-.125 8/01/78  Slightly dished  No velocity available. 
Type 1 plate visual observation; 

some unburned material 
on witness plate Indi- 
cating no detonation, 
no critleal length 
could be determined. 

CL-M26-4-.125 
Type I 

8/01/78  Slightly dished 
pi ale 

No velocity available, 
visual ohservat ion. 
some unburned material 
thrown over field indi- 
cating no detonation, 
no critical length 
could be determined. 

Problem in oscillo- 
scope tr iggerirg. bad 
scope record obtained, 
used continuous resis- 
tance probe. See Note I. 

Had scope record ob- 
tained, used con inuous 
res i stance probe. cove' 
and witness plat >N 
hacked by earth  See 
Note I. 

Bad scope record ob- 
tained, used continuous 
resistance probe, cover 
and witness Mates 
backed bv earth, both 
thrown from pit. See 
Note 1. 

10   CL-M26-.5- 
Type 2 

3/01/78 Dished with 
some shear 
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Table 18 (contd) 

Tube transition test results 

Test 

11 

12 

14 

is 

W 

.M 

Test 
designation 

CL-M26-1-.125 
Type  2 

CI.-M26-2- 
Typc   2 

125 

8/01/78 

8/02/78 

Obs^rvatIon 
of witness 

plate 

Dished with 
hole through 

CL-M26-2 
Typo 2 

875-12') 8/02/78  Dished plate 

Results 

No velocity available, 
visual observation of 
apparatus Indicates 
critical length at 
22.9 era. 

No velocity available, 
visual observat loii. 
some material around. 
no crlt leal length 
could be detemined. 

No velocity availahlf. 
visual observatIon. 
sonc unburned materi.il 
around, no critical 
length could be de- 
termined. 

Cf.-H26-4- 
Ty« 2 

CL-Ml-.5-840 
Type 2 

CL-HI-1-S40 
Type 2 

CL-MI-2-S/.0 
Type 2 

CL-Mt-4-S40 
Type 2 

CL-M26- b-S40 
Type 2 

CL-H76-I-S40 
Type .' ■ 

t'L-H26-2-S40 
Typo 2 

rL-M;*>-M-s40 
Type .' 

Z' 78  Slightly dls'ed No velocity availahl*- 
1      plate visual observation. 

some unburned materi-i 
around, no critical 
length could be 
detennined. 

Remarks 

LNed one S-65 squib; 
bad scope record ob- 
Lilned; used continu- 
ous reflistance probe. 
See Note I. 

Used five S-65 squibs; 
b.id scope record ob- 
tilned, used continu- 
ous resistance probe 
S«*e Notes I and 2. 

Used nine S-65 squibs; 
bad scope record ob- 
tained, used contin- 
uous resistance probe. 
See Notes I and 2. 

Used 13 S-65 squibs; 
bad scope record ob- 
tained, used continu- 
ous resistance probe. 
Sec Notes 1 and 2. 

10/01/78  Plate still     Detonation did not d.--  Initiation by a 2.54 era 
10/01/   a  Iched to pipe velop within the 6! r. d.ep ^UcK powder layer 

long pipe with one squib per eacr 
aqua.e inch. 

10/03/78  Negligible 
darra^.e 

10/03/78  Negligible 
damage 

10/03/78 Plate still 
attached t o 
pipe 

10/03/78  NeglIglblf 
damage 

10/01/78  Plate dished 

Detonation did not dt-- 
velop within the 61 r*» 
long pipe. 

Detonation did not de- 
velop within the 6* tin 
long pipe 

Detonation did not de- 
velop within the 61 cm 
long pipe 

Critical length is 
about 47 cm 
D'1 '2540 m/s 

Crltleal length Is 
about 34.5 en. 
D3 »• 3(»00 m/s 

10/01/78     Plate   shattered     Critical   length   1h 
Into mrwrr 
pieces 

about   44.7   cm 
D     7600 m/s 

10/03/78     Plate   sllghtlv       Apparently   did  not   vs- 
dUhrd lahllsh   a  d. lonatlon 

Inlt: iti-m by a 2.54 cm 
dt-e? black powder layer 
with one squib per each 
square   inch 

Initiation by a 2.54 cm 
dtep black powder layer 
with one squib per each 
square   Inch 

Initiation by a 2.54 cm 
di-ep bl.ck powder layer 
with one squib per each 
K'iuare   inch 

Initiation by a 2.54 cm 
d.-ep black powder layer 
with one squib per each 
square   inch 

Initiation oy a 2.54 era 
di*ep black powder layer 
with one squib per each 
s-.uare   inch 

Initiation by a 2.54 cm 
dtep black powder layer 
with one squib per each 
s:jare   inch 

Initiation by a 2.54 cm 
d.-ep black pewder layer 
with one squib per each 
square   inch 

•■EstabliRbed  .Intonation   velocity 

no 

P. ■ySr ——■-.*"■ R cape 



<*4  Table 18 (concl) 
Tube transition t«st results 

*"*  ^# 

Test 

n 

Test 
designation 

Observat ion 
Date     of witness 

plate  

23    CL-RDX-.5-S40    10/04/78  Clean, hole 
Type 2 through plate 

24    CL-RDX-1-S40 
Type 2 

CL-RDX-2-SA0 
Typo 2 

CL-RDX-4-S40 
Type 2 

10/04/78  Clean hole 
through plate 

10/04/78  Plate still at- 
tached to long 
banana peels 
of pipe 

10/04/78 Plate broken 
into several 
pieces 

CL-H26*2.S*SI60   11/78  Missing 
Type 3 

Cl.-RDX-2.5-Sl 60   11/78  Circular slug 
Type 3 found 

Results 

Critical length is Initiation by a 2 54 cm 
about 24.9 cm. deep black powder laver 
D v3550 m/s with one squib per each 

square inch. 

Critical length Initiation by a 2 54 cm 
about I 27 cm. Detona- deep black powder laver 
tion velocity about with one squib per eaih 
1400 m/s square inch. 

Initiation bv a 2.S4 cm 
deep black powder laver 
with one squib per each 
square inch. 

Data not useable: ip- 
parently did not 
detonate, pipe banana 
peeled along i-ntire 
length. 

Critical length ■ 5 I cm Initiation by a 2 S4 cm 
Detonation velocity deep black powder laver 
6277 n/s with one squib per each 

square inch. 

Critical lengh is       None 
approKimately 20.3 cm 
based on fragments and 
»* I cm based on cont in- 
uous velocity probe. 

Almost instantaneous 
transition to detona- 
tion. 

None 

Cl.-Ml-2.5-SU'0 
Type 3 

11/78  Minor Detonation did not 
develop within the 
121.9 cm pipe length. 

Rot e s 
1. Pressure vesrel explo.slon - tube wall and'or cover plate failed 

before detonation could be established 

2. Type I series uses one inltiatinu S-65 squib with 12 gtn of black 
powder in cloth bag. 

3. Type 2 series uses one initiating S-65 squib per square inch 
of cross section with 2.54 cm thick layer of black powder at a 
bulk density of 0.9b gm/cm . 

in 



I    ■ 

Sample 

Seamless tube of wall thickness 
and material In actual process 

Witness plate 

12 mg bag of black powder 
with squib Igniter 

Type 1 

Matrix of   squib  Igniters. 
one  per   In?  connected   in  parallel 

Continuous velocity  probe 

Continuous  velocity probe 

rhtjjj/j/S'fi"; ? ' / J s J JZZZTJ 

Sample 

22 >>>>. gqazza HJU^LU-L. 
a , Witness plate 

Layer of black 
powder (12 mg/ 
6.45 cm2) 

High pressure cap 
for schedule 160 pipe 

Type 2 

V 

Seamless tube of wall thickness 
and material In actual process 

Continuous velocity probe 

>/ // aZjggZZZZZafcZZZZg ZZZj /TTTT 

?L^ Sample 

J 
fzgzzzzzzzzzazzzzzzzzzzzzzzzzz 

5 mg bag of black powder 
with squib Igniter 

Seamless schedule 
160 pipe / 

L  Wit ness plate 

Type 3 

Fig 35  Tube transition test types 
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Type 3 Critical Length Test Results 

The three Type 3 tests which were completed are described In Table 
19.  Tests were conducted using M26 paste, RDX slurry and Ml strands. 
These tests were done primarily to evalute the test method rather than 
to determine the critical lengths.  To reliably determine the critical 
length for any material, several repeats should be done at each condi- 
tion and tests should be done at several diameters.  The shortest criti- 
cal length result as extrapolated to the full scale should be chosen. 

Table 19 

Type 3 tube transition 

Tests completed 

Designation  Material  Sample weight 

CL (Type 3) 1   M26   2.31 kg (5.09 lb) 

CL (Type 3) 2   RDX   3.11 kg (6.84 lb) 

CL (Type 3) 3    Ml   1.25 kg (2.76 lb) 

• Loaded in 20 Increments to obtain relatively uniform density 

• Tested with pipe horizontal in arena 

The setup for the RDX slurry test is shown in Figure 36.  The top 
photograph shows the initiating end of the pipe after (1) the witness 
plate was welded to the far end of the pipe, (2) the continuous velocity 
probe and squib leads were positioned along the inside pipe walls, (3) 
the sample was loaded in increments to obtain a fairly uniform density, 
and (A) the 5 gram black powder bag with S65 squib were connected to 
the squib leads and placed at the end of the pipe.  Next the pipe cap 
was screwed on and the pipe positioned in the field as shown in the lower 
photograph.  The horizontal orientation is used to catch the fragment 
remains in an arena. 

The fragment remains from the three tests are shown in Figure 37. 
The continuous velocity probe results for these tests were not quite as 
clear as those obtained in many of the prior tests, but corresponded 
essentially to the fragment results.  The RDX (from fragments and scope 
record) Initiates detonation almost instanteously.  Thus, for RDX slurry 
the critical length Is negligible.  For M26, the fragment remains Indi- 
cate that the critical length is approximately 20.3 t!" (8 in).  The 
scope record indicated that the critical length is 9.1 cm (3.6 in).  The 
prior critical Isngth test results also gave a longer critical length 
based on the fragments than based on the continuous Velocity probe scope 
record.  The smaller value is more conservative and should be used. 
Both the fragments and the scope record indicate that the Ml strands 
will not develop a detonation within 1.22 m (A ft).  Therefore, the cri- 
tical length for Ml is greater than 1.22 m and perhaps Ml strands cannot 
develop a detonation in the 6.35 cm (2.5 in) ID tube used. 
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Fig 36  Type 3 critical length test setup 
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(a) RDX slurry 

(b) M26 paste (c) Ml strands 

Fig 37  Type 3 critical length test fragment remains 
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Critical Length Instrumentation 

As was mentioned earlier, the critical length can be determined by 
two methods:  from the fragment remains or by measuring the reaction 
front velocity.  The technique used to estimate critical length from 
the fragment remains is illustrated in Figure 38,  To measure the reac- 
tion front velocity, continuous resistance velocity probes were used, 
however, rather than using thin soft aluminum tubing for the probe outer 
casing as is typically done, thin stainless steel tubing was used.  This 
made the probe infinitely more durable.  It would have been quite dif- 
ficult to load the test vessels without crushing the aluminum tubing. 
The steel tubing was quite rugged while of negligible strength in the 
detonation environment. 

Pipe cap 

Fig 38 Typical fragments from successful critical length test 
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The Information obtained using a continuous velocity probe to deter- 
mine critical length Is shown in Figure 39. The voltage signal is di- 
rectly proportional to"tne location at which the tube is Just being 
crushed onto the resistance wire within it.  While the reaction is in- 
tensifying, the probe is "slapped around" and/or temporarily crushed 
giving a random oscillating signal.  This signal is used to trigger the 
oscilloscope sweep.  The point at which a detonation begins can be clearly 
identified from the record and the critical length computed.  As men- 
tioned earlier, the critical length as determined from the oscilloscope 
record was generally less than that obtained from the fragment remains. 

Critical Layer Thickness and Layer Transition Tests 

The next two tests are completely analogous to the critical diam- 
eter c.nd tube transition tests, except they are relevant to materials 
which exist in layers rather than in "bulk" configurations.  The "cri- 
tical layer thickness" test is analogous to the critical diameter test 
and the "layer transition" test is analogous to the tube transition test. 
In each case, much of the basic principles and philosophy discussed ear- 
lier for the "bulk" configurations still apply and will not be repeated. 

Since the M30 pellets are found in a drying process in a layer, the 
transition tests conducted in tubing or pipe sections are not relevant 
for the M30 sample.  To determine whether or not the pellets can propagate 
a detonation in the layer configuration, critical layer thickness tests 
were required.  In these tests it was found that a detonation might be 
propagated in a 7.6 cm (3 in.) deep layer.  This was a borderline test 
result.  Because of this result, a layer transition test was also con- 
ducted in order to determine whether a burning reaction can develop into 
a detonation in the first place.  It was found that a 7.6 cm (3 in) deep 
layer of M30 pellets could not develop a detonation from a flame ignition 
source within the 1.37 m (4.5 ft) test length. 

Critical Layer Thickness Tests 

The critical layer thickness test arrangement is shown in Figures 
iQ, 41 and 42.  Four 2.54 cm (lin.) thick steel witness plate were posi- 
tioned in the field and provided a rigid bottom surface.  Angle irons 
were used as side wall for the trough.  A triangular C4 explosive booster 
(nearest to the camera in Figure 40) was used to develop a fairly flat 
detonation wave.  A shorter rectangular block of 04 further flattened 
the detonation front before it reached the H30 pellets in the trough. 
To prevent the shock wave from merely throwing the pellets out at the 
initiating end, a short steel plate covered the pellets at the booster. 
Pellets filled the trough approximately flush with the top of the side 
walls.  The first critical depth test Involved pellets in a 7,6 cm (3 in.) 
deep layer.  The witness plate remains are shown in Figure 43.  The de- 
tonation clearly weakened in intensity as it travelled farther from the 
booster.  The last witness plate was only slightly bowed.  Based on wit- 
ness plate damage and reaction front velocity profile, it could not 
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Typical  oscilloscope  record 
(two   traces  with   time axis  doubled   in bottom  trace) 

Note:   Voltage corresponds  to probe  resistance since a constant current source 
is used.     Probe  resistance  is directly proportional  to probe length. 

Beginning  of   stable  detonation; 
corresponds   to  critical   length 

Voltage Stable detonation 

VoLtape of leads 

TriRger 
time 

Voltage of probe 
remains plus leads 

I     . | \y^* Critical 

/JmM ll!i!!!!   voitn.cof probe plus leads 

» Time 

Fig 39  Ideal record from continuous velocity probe 
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Fig 40 Critical depth test arrangement (view 1) 

Fig 41  Critical depth test arrangement (view 2) 
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Fig 42 Critical do^th tesf number 1 filled 
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Fig A3 Critical depth test number I, posttest witness plates 
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definitely be established that the detonation would have died In a longer 
distance.  The test gave a borderline result and was therefore considered 
to be a "Go" to assure conservatism. The second critical depth test in- 
volved a 5.1 cm (2 in^ deep layer of pellets. The witness plate remains 
for this test are shown in Figure A.4, Unhumed pellets were found scat- 
tered in the field and the last witness plate remained flat. This test 
was clearly a "No Go", 

Layer Transition Test 

Since a 7.6 cm (3 in) layer of M30 pel'ets might be able to propa- 
gate a detonation, a layer transition test was required to help deter- 
mine whether or not a detonation could develop in the first place from 
a flame ignition source. The layer transition test configuration Is 
shown In Figure 45.  A steel trough 7.6 cm (3 in) deep by 15.2 cm (6 in) 
wide by 1.37 m (4.5 ft) long held the sample.  Ignition occurred at the 
end nearest to the camera in Figure 45.  A gas burner was used to ignite 
a group of pellets which in turn ignited the sample material in the 
trough.  Reaction front velocity was observed using a continuous velocity 
probe at the bottom of the trough and a series of eight light sensors 
along the length of the trough.  A detonation did not develop, therefore 
the continuous velocity probe did not give a signal.  The light sensor 
data Is presented in Figure 46. The reaction front velocitv is seen to 
be increasing but a detonation is not achieved within the 1.37 m (4.5 
ft) trough length.  Even though the velocity Is increasing, detonation 
Is characterized by velocities on the order of 2000 m/s or greater, 
which is about four orders of magnitude above that measured in this test. 
It appears quite unlikely that a detonation could develop even given a 
larger trough.  Thus, the most likely consequence of a small flaming ig- 
nition in a layer of M30 pellets is the spread of fire.  It is also pos- 
sible that a detonation originating in an adjacent equipment item could 
propagate through a layer of M30 pellets which is 7.6 cm (3 in.) deep or 
more. 

Mass Explosion Test 

This test is to characterize the effects of the mass explosion of 
the sample material in its process container.  The test as described 
here is quite similar to the "TNT equivalency" tests which have been 
conducted on many energetic materials for safe design and layout of pro- 
cess pl.int structures,  "TNT equivalency" tests generally model the ac- 
tual process vessel configuration. The container geometry is quite im- 
portant to determine near field air blast effects and tests incorporating 
container geometry scaling will be the most realistic in terms of blast 
eriects. 

Under this program, a Ampler approach was evaluated.  Instead of 
modeling the actual process vessel geometry, a hemispherical container 
at ground level was used to detennine a geometry Independent "energy" 
TNI equivalency.  This approach is adequate for hazards classification 
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Fig 44  Critical depth test number 2, posttest witness plates 

Fig 45 Critical length in layer test arrangement 
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Fig 46    Reaction front velocity profile for critical length 
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purposes, but alrtOast data fron tests conducted with geometric scaling 
are somewhat more accurate and are naturally also acceptable.  For haz- 
ards classification, slug calorlneters were also positioned In the field 
to  view the fireball to measure the energy pulse emitted by the fireball. 
This Is necessary In order to classify the fire hazard In oonie cases when 
the air blast Is not significant enough to classify the material as a 
mass explosion hazard. 

The configuration used In these tests Is illustrated In Figure 47. 
The test sample Is packed In a thin walled hemispherical steel shell at 
its inprocess bulk density.  Initiation Is accomplished using a hemis- 
pherical C4 explosive booster as shown in the figure.  Loading is accom- 
plished by:  (1) pouring a weighed out quantity of the sample into the 
hemisphere, (2) pushing a void for the booster into the sample, (3) posi- 
tioning the booster and thin masonlte sheet onto the hemisphere and (4) 
taping the masonlte to the steel shell.  The assembly is placed on a 
2.54 cm (1 in.) thick steel witness plate ir*. the field.  Two perpendic- 
ular strings of pressure transducers (six pressure transducers per "leg") 
are arranged In the field to measure overpressure versos time for scaled 
distances from about 1 m/kg1'3 (2.5 ft/lb1'3) to about 12 m/kg1/3 (30 
ft/Ib^-'3).  Fastax film coverage is used to record fireball size and dur- 
ation.  Slug calorimeters at two radial distances from the explosion cen- 
ter are used to measure total heat radiated from the fireball. 

The sixteen tests conducted in this program are listed in Table 20. 
An attempt was made to evaluate the efrects of sample mass, booster per- 
cent, and steel shell wall thickness using as few tests as possible. 
Two tests (Numbers 5 and 14) used a weak flaming falackvovder initiation 
source.  As antlcipoted, detonation did not occur In these tests.  A 
high explosive booster is required.  A successful mass explosion test 
involves the entire sample in the detonation process.  These tests are 
idealized In that it is assumed that the buildup to detonation involves 
a negligible portion of the total material.  In real explosive incidents, 
with large volume process vessels, this is often the case. 

Three types of hazard exist In explosion incidents.  Damage can be 
done to structures and personnel by the action of the blast wave, by 
heating from the fireball, and by fragments.  Fragments are not consid- 
ered here.  Any object within the fireball will experience significant 
heating by radiation and convection.  Therefore, the maximum fireball 
radius is the minimum distance for separation, regardless of the other 
hazards imposed.  The fireball can inflict damage outside of its bound- 
ary by radiative heat transfer ana this effect must also be considered. 

The alrblast data for the fourteen tests In which detonation occurred 
are presented in Appendix D.  Four figures are presented for each rest. 
In each case, the first figure slows peak, overpressure versus seal d 
distance.  The second figure preients scrtled positive impulse versus 
scaled distance.  The third and fourth figures respectively give pres- 
sure and impulse TNT equivalcnciss versus scaled distance. 
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1.35 3.24 10.5 

22 39 64 

19 46 63 

To summarize the blast wave results, each sample is discussed 
briefly. 

RDX For RDX slurry, two tests were conducted (at 0.68 kg and 12.1 kg 
of sample and 3.4 percent and 0.1 percent boosters).  The results were 
essentially the same for these tests, indicating that the simple mass 
and booster mass percent were sufficient (i.e., the results were not 
dependent on either of these factors).  Both pressure and impulse TNT 
equivalencies peaked at about 120 percent. 

M30 Four tests were conducted using M30 pellets.  Size ^caling was eval- 
uated using samples of about 7 kg and 13 kg both with booster percents 
slightly above 1 percent.  These two tests gave essentially the same re- 
sults with about a 20 percent equivalency for both pressure and impulse. 
Booster scaling was investigated with the sample at approximately 13 kg. 
The maximum TNT equivalencies for these tests are presented below: 

Booster Percent 

Pressure Equivalency, percent 

Impulse Equivalency, percent 

Figure 48 shows that the equivalencies tend to level off just above the 
10.5 booster percent.  Therefore the TNT equivalencies for both pressure 
and Impulse will be approximately 65 percent. 

M26 The results for M26 were not quite as consistent as those for the 
other materials.  Five M26 tests were accomplished. To evaluate the ef- 
fect of the steel shell wall thickness, three tests were completed using 
a 8.9 kg sam;>le and a 1.2 booster percent. The equivalencies are shown 
below for the three wall thicknesses tested: 

Wall Thickness (cm) 0.079  0.159  0.318 

Pressure Equivalency, percent    100     68     80 

Impulse Equivalency, percent     120     90    130 

No trend was obvious from these tests. To evaluate the sample mass ef- 
fect, two tests were conducted, using a 0.159 cm shell wall thickness 
and 1.2 to 1.4 booster percent. 

Sample Mass, kg 

Pressure Equivalency, percent 

Impulse Equivalency, percent 

The decrease in equivalency with Increasing sample mass must be due to 
an anomaly in one of the tests.  These results are not conclusive although 
it is likely that we were above the critical sample mass for scaling. 
Two tests were accomplished with a sample mass of 12.9 kg and 
0.159 cm wall thickness to evaluate the booster effect. 
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Booster percent 

Pressure Equivalency, percent 

Impulse Equivalency, percent 

These results are considered to be essentially the same indicating that 
the results are independent of the booster percent above a value of 1.41 
percent.  Based on these results, it rfas concluded that the maximum pres- 
sure equivalency is on the order of 80 to 100 percent, and the maximum 
impulse equivalency is from about 100 to 130 percent. 

Ml  Three tests were completed with Ml strands.  Each test used a dif- 
ferent sample mass and booster percent: 

Sample Mass, kg 

Booster, percent 

Pressure Equivalency, percent 

Impulse Equivalency, percent 

Based on these tests it is clear that the pressure and impulse equiva- 
lencies for Ml strands are both on the order of 25 percent. 

As mentioned earlier, thermal effects are also evaluated in the 
"airblast" tests.  Fastax film coverage was used co determine fireball 
size and duration.  The fireball changes during the event and there is 
some question as to how to   fint the fireball unambiguously.  During 
the first millisecond (ap,-. jximately) , the reaction is quite concentrated, 
very hot and appears as a small white region on the film.  This white 
ball grows and cools until the time at wnich the shock wave can be seen 
leaving the fireball.  After the shock wave leaves, the fireball grows 
very slowly and appears orange on the film.  The orange fireball grows 
to a maximum size and begins to weaken in intensity and eventually be- 
comes obscured by smoke and debris.  The fireball sizes and times at 
these different stages are given in Table 21 for the tests completed 
on this program.  Insufficient testing was accomplished tc show the scal- 
ing of fireball size and duration with sample mass.  In general, the 
data was fairly random.  However, based on work of this type done on 
previous efforts elsewhere, we expect fireball radius and duration to be 
proportional to the sample mass to the 1/3 power, W-*-'-*.  From the view 
point of plant safety, the maximum fireball radius is the most meaning- 
ful of the choices shown in Table 21 and gave the least data spread. 
Assuming that fireball radius is proportional to IP-'^ we obtained the 
following for the four materials tested: 

R(M26) ~  1.7    W1/3 

R(RDX) -  1.5    wl/3 

R(M30) ~1.36 wl/3 

R(M1) - 1.47 W1/3 
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Where W is  in kilograms and  R is  in meters.     Fireball  duration was dif- 
ficult  to  read  consisoMtly  from the  film record.     The duration which 
gave  the least  spread of  the data  for any given material was   the  time  to 
obscuration.     The-efore,   time  to  obscuration was selected giving: 

T(M26) ~  108 W1/3 

T(RDX) ~    82 W1/3 

T(M30) -  156 W1/3 

T(M1) - x37 Wl/3 

Where  T   is  in milliseconds. 

To scale the thermal pulse emitted by the fireball, a simple point 
source model was choosen. The thermal energy per unit area, q, imping- 
ing onto a   target at  distance x  from the source  can be expressed as 

MAHf 
q -—2 

4TIX 

Where M is the sample mass, AH is the energy released in the reaction, 
and f is the radiated fraction of the total energy released.  If we assume 
that for a given type of sample, the product AH-f will be about constant 
or perhaps a function of the quantity of material, the equation can be 
simplified to 

, - 4 
X 

Where the coefficient C may be a function of sample mass. If tests are 
done using several sample masses a trend should be identifiable and ex- 
trapolation to full scale is possible. 

The measured heat pulses from the mass explosion tests are presented 
in Table 22 with the other parameters required to compute the coefficient 
C.  The last column gives the calculated values for C.  Figure 49 shows 
the coefficient plotted versus sample mass for all the tests conducted 
This includes all four sample materials.  The data clusters somewhat for 
any specific sample material at a given sample mass, but there is a dis- 
appointing spread in the data which could not be attributable to any 
parameter variation.  Booster mass does not seem to order the results 
and distance from the source has only a minor influence.  It is inter- 
esting to note that the fireball heat pulse results for the two tests 
using a black powder Ignition source instead of a C4 explosive booster 
were comparable to the other results.  In terms of scaling with sample 
mass  RDX shows a decrease in C with mass. M26 shows ar increase, and 
M30 just shows a wider spread of the data.  In all the cases, the sample 
mass was not varied over a wide enough range and insufficient tests were 
conductel to clearly Identify the scaling of C with sample mass. 

131 



Table 22 

Scaling of fireball energy pulse 

Calorimeter ' Sample    Measured 
Test    Sample      distance    mass M  heat pulse q Coefficient C 

(m) (kg) (j/m2) (J/kg) 

AB-1 M26 6.1 13.5 8.989xl03 2.A8xl04 

AB-2 M26 6.1 13.3 1.26 xlO4 3.53 x 10A 

AB-3 M26 6.1 8.9 2.05xID3 8.57x 103 

AB-4 RDX 6.1 12.0 l.lOxlO3 3.41 xlO3 

9.15 12.0 8.63x10^ 6.02 xl0J 

AB-5 RDX 6.1 12.1 1.94 to 3.89 x 10 3 

(BP  igniter) (avg =  2.92x10  ) 8.98xl03 

9.15 12.1 7.59xl02 5.25x10 

AB-6 RDX 4.57 0.68 3.29 to 5.22 x 10^ 1.31x10 
(avg -  4.26x10  ) A 

6.1 0.68 3.41 xlO2 1.87x10 

3 3 
AB_7 M30 6.1 13.6 1.81 to 2.47 xl03 5.88x10 

(avg • 2.15x10 ) 3 
9.15 13.6 1.03xl03 6.34x10 

3 ^ 
AB-8 M30 6.1 13.5 5.13x10 1.41x10 

9.15 13.5 2.87x10 1.78x10 

AB-9 M30 6.1 7.2 2.16xl03 1.12 xlOA 

9.15 7.2 9.31x10 1.08x10 
3 4 

AB-10 M30 6.1 13.0 3.85 to 7.92 x 10 1.69x10 
(avg - 5.89xl0J) 4 

9.15 13.0 2.92xl03 1.88x10 

AB-11 Ml 6.1 5.9 2.51x10:5 1.58x10^ 
9.15 5.9 1.21x10 1.72x10 

AB-12 Ml 6.1 5.1 3.70xl03 2.70x10^ 
9.15 5.1 1.46x10 2.40x10 

2 3 
AB-13 Ml 6.1 4.0 7.26to9.10xl02 7.60x10 

3 
9.15 4.0 3.88x10^ 8.12x10 

AB-14 M26 6.1 8.9 1.81 to 3.93 x 103 1.20x10 

5.9 
5.9 

2.51xl03 

1.21x10 

5.1 
5.1 

3.70x 103 

1.46x 10 

4.0 

4.0 

7.26 to9.10x 10, 
(avg ^ 8.17x10 ) 
3.88x 102 

8.9 

8.9 

1.81to3.93x 103 

(avg - 2.87x10 ) 
9,44 xlO2 

8.9 
8.9 
8.9 

2.57 xlO3 

2.16x 103 

1.63x 10 

8.9 

8.9 
8.9 

4.20to5.20x 103 

(avg = 4  70xlOJ) 
2.00xl03 

1.52x 10 

(BP  igniter) (avg -  2.8/x1U  ) 3 
9.15 8.9 9,44xl02 8.88x10 

AB-15 M26 4.57 8.9 2.57 xlO3 6.03x10 
6.1 8.9 2.I6XIO3 9.03x10^ 
7.62 8.9 1.63x10 1.06x10 

3 4 
AB-16 M26 4.57 8.9 4.20 to 5.20 x 10r 1.10x10 

6.1 8.9 2.00x10:* 8v36y. 103 

7.62 8.9 1.52x10 9.92x10 
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From the data we can  Identify values of C which may be  representa- 
tive of  larger quantltfel of material.     For M26 paste,   the average of 
the  two highest  data points  is 

CM26  ~   3 x 104  J/kg 

If the increasing trend shown by the data would continue with Increased 
sample mass, this value will not be high enough.  For RDX sample, the 
average of the four data points at 12 kg la 

CRDX " 5-9 X 103 J/k8 

In this case. If the decreasing trend would continue, this value would 
be conservative.  However, based on the limited data available, we can- 
not be certain that the trend would not change direction with Increased 
sample mass.  The average of the four higher data points for M30 pellets 
give a value of 

(^30 - 1.7 x lO4 j/kg 

The average of the four highest values obtained for Ml strands is 

t^, ^ 2.1 x 104 j/kg 

Although the fireball test data compiled during this project gives a 
wide scatter in computed values of C, the point source model for scaling 
the radiated energy pulse is the nost promising approach at the present 
time. 

Once we are able to predict the radiated energy impinging onto a unit 
area of target, how do we use this information to determine whether the 
material represents a significant fire hazard and how do we specify safe 
separation distances if it is a mass fire hazard? 

Ignition or damage of a target by a radiated heat pulse can be ap- 
proximately accessed using a simple model that assumes ignition or damage 
will occur when Lhe surface temperature of the target is raised by some 
critical temperature increment ATr.  This is not strictly correct because 
the heat must penetrate the surface to some depth in order to ignite or 
damage the target.  However, the model should hold for a wide range of 
cases and Its simplicity justifies its application. 

f       Iw*fnvb! Sh0Wn (Ref- 20) that the rlse in surface temperature AT 
of a thick body receiving a pulse of energy per unit area, q. Is given 

13U 

tf*T~  , " " ■*■■*- '-     ■*-  'f* ii/'-' vwn- - 



2^_ A 
/T /iTKpC 

Where T is the pulse duration, <  is the raaterials thermal conductivity, 
p is mass density, and C' is specific heat. 

This equation can be rewritten to give the critical thermal energy per 
unit area qc required to raise the target's surface temperature a criti- 
cal amount AT- for ignition or damage within a time T 

q  = E,/r     where   ^ 
AT /TIKPC' 

c 

The parameter (,  characterizes the ignition or damage susceptibility of 
the target to a thermal pulse.  This par.uneter car. represent a wide vari- 
ety of possible targets near to or withii a process plant.  A separate 
Investigation could be done to Identify the most meaningful parameter 
values to use for classifying inprocess materials and ultimately for com- 
puting safe separation distances.  Such a study was not accomplished un- 
der this project.  Instead, values typical for black powder were chosen 
to define the critical heat flux.  The ignition temperature of black 
powder for a short durttion stimulus is about 510oC (ATc~490

oC), the 
density of a black powder grain io about 1.8 gm/cm , and the specific 
heat is about 0.2 cal/gm0K (Ref. 21).  The -.twrmal conductivity of black 
powder was not known.  It Is assumed that the graphite coating will domi- 
nate the black powder thermal conductivity but the overall value is ex- 
pected to be lower than graphites.  Flake graphite has a thermal conduc- 
tivity of 1 cal/sec cm0K at about 60oC.  We assumed the black powder value 
will be about half this number in the calculations.  Using these values, 
the critical energy pulse for black powder is about 7.71 x 10° rT J/m2 

(i.e., C = 7.71 x 10° j/n^-s1/2).  In the hazard classification procedure, 
the sample will be classified as a mass fire hazard if the fireball ra- 
dius exceeds 3 meters or If the fireball produces this quantity of radi- 
ated thermal energy within 3 meters of the process vessel.  Values of 
C and T are to be derived from the mass explosion test. 

To Illustrate this, consider the M26 paste data generated under 
this project.  Assume that the process vossel contains 500 kg of M26 
paste.  Based on relations givnn earlier in this section, the fireball 
radius would be about 13 m.  Already, tha material would be classified 
as a mass fire hazard.  Suppore however that the fireball were smaller 
and that we have to consider the heat pu".se from the fireball.  The fire- 
ball duration would be estimated co be 0,86 seconds.  The critical heat 
pulse required to ignite black powder over this duration is 7.15 x 106 
j/m2.  The coefficient for scaling t.ie fireball heat pulse is 3 x 10^ 
j/kg.  Therefore, at 3 meters from the target we would expect a target 
to experience about 
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^.ir™^'  bUt,below'   the re^l"d critical  heat pulse.     These  re- 

Mass  Fire Test 

The mass  fire  test  is  done when  the following conditions  are m«t: 

1.   the material exists  In   the process operation in  an 
open container   (not  a clo.ed pressure vessel)   and 
In  a bulk configuration  (not a layer or cloud) 

of the test is  to deterge  the  sepaJatlin S« Posslble-     ^^ purpose 
the vp^«ei   K«<„„        i J        ,    &eParation distances required between 

blTiirin fa     ^c ^ rb" Id"  2s0tier PrCeSS Ve6SelS'  0'her "—- 
sonnel Ljury b/^te'riJlati^e^^Lx? ^^  ^^ " ^ 

Pertinent  Theoretical   BackprounH 

in Flg^e^^^te^Ja^ln^^:^113^ ^ the ,aa3S "" ^ is sh- 
In the container L one Sj t^oTa^s ^f'the0";31":17 ^ ^^ ^ burnS 

relatively slowly a fire DW «ni ^ burning process proceeds 
burning will  proceed analogs   to a ZX ^^^ ■«'««!   the 

S; wh^ :^0?-OT W^^1^-^. 

j-^r^b™^^^^ 
this type of test, wl^^TS^i^w^h ^"/^"lence in conducting 
Phenomena will oc^ur.     before    " J certainty before a  test which 
pertinent data for both  tlZl     V St be PrePared  ^ collect  the 
fine the  pertinent  da a    or  theV'T*   ^ * bUlk """^  test-     T° de- 
cussed  further be ow tW0  tyPeS 0f eVent8'  **^ ^ent  is dis- 
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The first  type of event  is the stable steady hurning of the process 
material  dovn fron  its  top  surface.     This burning behavior vlll  produce 
a  fire coluan above  rhe   top surface of the material   in   its  container, 
•me fire coluan will radiate thermal  energy in all directions.    To iden- 
tify  the doolr.ating  paraineters.   the  radiative  heat flux  from the  fire 
column can be  described  in  the  following way. 

We know that a quantity of energy per unit mass,  AHP,   is atccd 
chemically  In   the  sample.     Depending on  how efficlentlv the  combustion 
process proceeds,  a  fraction  fj  of  this energy is  released  in  the chemi- 
cal reaction.     Sow of  this released energy is convected upward with the 
hot  gases   in   the  fire colmnn and seme   (a  fraction  f2)   ls  radiated  in all 
on  th^  f^ ire  column.     The   fraction of energy radiated depends 
rL       A<       . ProPertIes   »"  absorption coefficient  and  thickness).     Of 
the   radiated  energy,   we are  Interested  in   the   fraction which  impinges  on 

^   T r:r a  dlStant*  tarRet   th!   fractioa of  the  radlant^^ergy l-npinglng on  the  :arget will  be  A/^TTR^ where A is  the  target  surface 
area and R is  the  distance  from the source   to  the  target.     Thus    for 

a       w<nVf eVent,   the  radlanC heat  fluX  Pcr unlt  t"^ s«^e area, Mf,  wii±  be " 

^11 h ll the "^ 0f maaS con"UBPtton during  the combustion process, 
which is  the  sane as  the sample weight  loss  rate.     Thus,   in experlmentlllv 

The material depth  in  the container can   Influence burn- 
S [f!  f*'™11  surf«e area.     Therefore,   several  depths 
should  be   tried   to  assure  that  the depth  is sufficient  so 
-hat  the material  acts as   though   It were   inflnltelv deep 
or at   least   as  deep  as   In   the- actual   process  vessel 
Burning  rate   (weight   loss  rate)  ffluiit   V  measured  to eval- 
uate   this effect. 

The breadth  of   the  sample  can   Influence burning rate per 
unit  area  by cooling at  the outer diameter.     Therefore 
several   breadths  should be   tried  to assure   that   the bo^nd- 
Z    "fiuence l9 no lon8er significant.     Weight loss  rate 

should  be measured here  also. 

Flame   thlctaeM and   the  effective  absorption coefficient 
will   control   the   fraction of  energy  radiated   from the 
flame      Ve will  assume   that  burning any material  will  pro- 
duce   fairly consistent   fir. products   (smoke  gases  and 

Distant   Implies  that  the   flame  is  small  compared  to  the distance 
the  flame  looks  like  a poLat  source  of  radiknt  ene^v      dlStanCC' i.e., 

energy. 
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particulates).     Therefore,   flant emlssivity will be 
controlled prlmaffly by the flame thickness.     Several 
tire  diameters should be  tried  to evaluate   this  in- 
fluence.     Hovever,   there   is no need  to have a diameter 
greater than exists  in  the actual process vessel. 

The second type of bulk burning event results in a fireball. The 
concepts for this case are essentially the same as those discussed al- 
ready for the mass explosion test  fireball and will not be repeated here. 

Experimental   Evaluation 

The best candidate sample material  for evaluating this  test was  the 
Mi  strands       Four mass  fire   tests were conducted using Ml  stands  in metal 
cylindrical  containers   (length  to diameter ratio of   1.0)  with diameters 
15.24  cm   (6  in).  23 m  (9   in).   30 cm  (12   in)  and 41  cm  (16  in).     Initia- 
tion was  accomplished  using an  S65 squib  in a  5  gram bag of black powder 
centered  on   the  top surface of  the sample material.     As  the sample burned: 
its mass was measured using a  force  transducer  through a  lever am as 
shown  in  rigure 51. 

In  this  type of  test,  we do not know beforehand how quickly  the 
denS^M     T'     J' V^ bUrn VOry quiCkly'  bulldlB, up pressure  in depth within  the  material,   throwing out   the material and  producing a 
rireball.     Conversely,   the material can bum  relatively  slowly producing 
a    bunsen burner"   type  flame sitting on  the   top surface. 

hP  .JJ ^ reactl0" i* <»ulck resulting In a fireball,  calorimeters must 
be used to measure  the heat pulse's  total heat emitted per unit area. 
In  this  case  the event duration is  obtained   from movie  coverage and  the 
mass of material assumed  to  contribute energy  is   the  total weight of sam- 
aJlon   fl. .    ^  reaCti0n iS  "^"Vly  «low resulting  in a  long dur- 
cLo     rl    V   radl^ete" »««  be  used  to measure  the heat   flux.     For  this 
case     the  force  transudcer provides   the weight  loss profile and  flame 
geometry  is obtained  from the movie  coverage. 

burn^rn  C°nduCtin8  the   te3ts « Ml  strands,  we did not  know which 
burning behavior  to expect.     Therefore,  we were prepared   to  collect  data 
for both  types  of event.     Both  radiometers and calorimeters were present 
ano  both  regular  (32   frames  per second)  and  fastax movie  coverage^ere 
used.     In  all  four  tests  conducted using the Ml  strands,   the  slower  "bun- 
sen burner"  type burning occurred.     We expect  that  this will  be   tSe wTe 
common  type  of  result  for  inprocess materials which  are categorized " 
fire    ra her  than explosion,  ha^rds based on the  screening Jests       M- 
thcugh if a quick "fireball" type of reaction occurs,   the re^te heaf 

discussion wMch'rn08111^8 ^ inVOlVed the lon8er ^"i™ bumlng, the discussion which follows is oriented toward that type of event. TTie our- 
pose of  the invostigatlon which was conducted was S  identl" ihe^os't 
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promising technique of correlating the data so that remote heat flux 
produced In full scale process fires can be extrapolated (scaled) from 
small scale test data.  Two approaches of correlating the data were In- 
vestigated.  The first approach (Approach 1) is based on the remote 
heat flux being proportional to the distance from the flane squared, L^: 

q = C—~-  where C is a constant 
L 

We hoped to find that C Is truly a constant or shows a clear trend as 
the test container size is Increased.  Unfortunately, in the four tests 
which were conducted, C was not as well behaved as was hoped.  This was 
probably due to an anomaly in the fourth test and does not necessarily 
invalidate the technique.. 

The second approach which was tried (Approach 2) considers the 
flame as an area source of heat; It was assumed that a well behaved or 
constant effective flame temperature, Tf, can be defined for any sample 
material and that variations in remote heat flux can be explained based 
on a simple radiative heat transfer model of the form: 

■(1 - e   ^ P" ( Tf - Ta ) 

c. 

Where Cf is the fJaae emissivity, a is the absorption coefficient, d is 
the flame diameter, F is the configuration factor as given in Figure 52 
(a function of flame shape and distance to the target), a is the Stefan- 
Boltzmann constant and Ta is the ambient temperature.  Using approach 
2 the results seem to scale sonewhat better for the available data. 

To evaluate approach 1, the constant C was computed from the ex- 
perimental data at selected times after initiation.  The results of these 
calculations are given in Table 23.  The value of C was found to be fairly 
constant at any tiae for each test (i.e., independent of target distance) 
showing that distance squared scaling is  reasonable.  In most cases, C 
was even fairly constant ov^r time for any individual test.  The constant 
did change however for the different tests showing a dependence on con- 
tainer diameter.  This dependence is plotted in Figure 53.  The shape of 
the curve and particularly the extreme drop in C at the 41 cm (16 in.) 
diameter was unexpected and should be verified with more tests if scal- 
ing by approach 1 is to be used.  The 41 cm diameter point is questic- 
able since a quantity of sample material was thrown out of the container 
about 15 seconds after the test began.  After 15 seconds a pile of burn- 
ing material lay next to the test container.  Two large flames of about 
equal intensity continued to bum next to each otuer for the remainder 
of the test. 

141 



,,     .,  mtm,^> 

** 

jrl-3 

r-4     li- 

lt       a 

1 1 

CV — 1 / " 
XA iL—  rv   in 5i-_ .ro- ^ _u l  

u 
1 

.■ ,' 

X - 1 

r in 

, 
i i i 

\ 1    \ 1 
\ u \   i \ \ V Av \\ \ \ 

\ 
\\   \    \     h K  r V  \ \ \\ L      »           S V \ \, \\ \   A VN \ \ s. 

\\ v V ; \ N, \ N, \ 
\\ \ ' \ N> \ \ v \ 

V k\N \ \ \, \ v 
^ 
^ 

V ' 

\ K \ 
\\ 

^ \, \V s \ \ A   ^ L. 

.  ^ ̂  v ks s s \\ 
N 

1 ^ \x 

^ \NX N   ^ ^ 

i 
\ F ^ 

^ xV \ 

\ 
!  1 v^ K S \\  \ x, 

^ 
i            '  i v N vVV   'i S         S 
i     i V X\\ 
!      1 i 1 \ ^NTs. 

^ 

\ \ 
i      i L 1 X\\v 

b  \ 

CO 

H 
< 
< 

B 
o 

•»       4-1 

> 
U 
3 
O 

O 
u 
o 
ig 
I 
c 
o 

c 
o 

u-l 

h 
r^ in m r^ 
o        o o o 

t 
O O 
o      o 

o 
o 

^ 

^ j   'ao^DBj   uoi3t»an3Tjuo3 

^ 
142 



Table 23 

Estimation of the constant C for approach 1 

Test Time 
(sec) 

Distance 
(m) 

Heat flux 

(w/cn.2) 

Weight loss 
rate 

(gm/sec) 

C 

±   *2 

2 
gm cm 

Average C 

2 
gm cm 

B1B-1 5 1.52 0.260 1-  22.16 0.027 

diameter ■ 15.2 cm 
W - 1.25 kg 

5 
31 
31 

3.05 
1.52 
3.05 

0.082 
0.539 
0.165 

'fc 22.16 
"fc 22.16 
•V 22.16 

0.034 
0.056 
0.069 

0.067 

38 1.52 0.640 ^ 22.16 0.067 
38 3.05 0.178 %  22 16 0.075 

BIB-2 7 4.51 0.069 12.98 0.112 

diameter = 922.9 cm 
w - 4.2i kg     j; 

6.10 
4.57 
6.10 

0.039 
0.067 
0.036 

12.98 
12.98 
12.98 

0.111 
0.108 
0.104 0.095 

24 4.57 0.201 62.65 0.067 
24 6.10 0.117 62.65 0.069 

BIB-3 10 6.10 0.068 0 

diameter ■ 30.4 cm 
W - 9.99 kg 

10 
22 
'2 

9.15 
6.10 
9.15 

0.024 
0.156 
0.056 

0 
59.02 
59.02 

0.092 
0.074 

31 6.10 0.138 59.02 0.082 
31 9.15 0.051 59.02 0.091 

0.083 

44 6.10 0,227 102.15 0.083 
44 9.15 0.096 102.15 0.079 

BIB-4 5 6.10 0.149 322.34 0.017 

diameter " 40.64 cu 
W - 23.61 kg 

5 
5 
5 
10 

7.62 
9.15 
12.20 
6.10 

0.073 
0.065 
0.034 
0.175 

322.34 
322.34 
322.34 
322.34 

0.013 
0.017 
0.016 
0.020 

0.018 

10 7.62 0.109 322.3/. 0.020 
10 9.15 0.079 322.34 0.021 
10 12.20 0.050 322.34a 0.029 
19 6.10 0.579 (1317 + other 0.016-» 0.008 
19 7.62 0.404 pile. 1. 2724 0.018- 0.009 
19 9.15 0.306 total) 0.020-* 0.010 
19 12.20 0 200 0.023-* 0.011 

9.53 kg of material was thrown out at 15 sec.  A pile of sample burned 
on the gound next to the test container for the remainder ot the test. 
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Burning rate is also needed in order to scale q using approach 1. 
Burning rate (weight loss rate) is plotted as a function of container 
diameter In Figure 54"?*A fairly well behaved curve was identified and 
scaling of this parameter is reasonable.  The major problem with approach 
#1 is that the parameter C is not well behaved according to our data; 
therefore, it would be difficult to extrapolate * to larger container 
sizes. 

In approach 2 the effective flame temperature is computed from ex- 
perimental data using the relation 

1/A 

(1-e   )Fo 
+ T 

The calculations are summarized in Table 2A and the resultant effective 
flame temperature profiles are plotted in Figure 55.  The maximum flame 
temperature from these tests is plotted versus the container cross-sec- 
tional area (sample exposed surface area) in Figure 56.  The four tests 
are not adequate to show that all materials will scale in the same man- 
ner, but for Ml strands a clear trend is identified with the effective 
flame temperature decreasing and leveling off at about 8150C (1500oF) to 
870oC (1600oF) at large container diameters.  Thus, in the case of Ml 
strands, the maximum effective flame temperature seems to scale quite 
well. 

In order to predict maximum heat flux for full scale process vessels 
using approach 2, we must also be able to scale Ef and F. Both of these 
parameters are functions of the flame diameter and height. 

The maximum flame height is plotted in Figure 57 as a function of 
container diameter and the ratio of flame diameter to container is plotted 
in Figure 58.  Both flame shape parameters seem to scale reasonably well 
as the container size is increased.  For conventional fuels, Thomas 
(Ref 24) showed that scaling the flame's length to diameter ratio (L/D) 
can be accomplished using a dimenslonless burning rate parameter in the 
following way 

L 
D 

a(- 
/oO 

Where m is the fuel generation rate per unit area, pa is the density of 
ambient air, g is the gravitational acceleration, D is the flame base diam- 
eter, and a and B are emperically derived constants.  For conventional 
fuels a=42 and B=0.61.  For the four tests using Ml strands, a very good 
fit to the experimental data cai. be obtained by using the flame diameter 
instead of the container diameter with a=23.32 and &=0.65.  Using the 
technique, the calculated observed L/D ratios compare as Indicated below 
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Test No. Cal culated 1./D Observed L/n 
BIB-1 1.11 1.05 
BIB-2 «.l «.33 
BIB-3 2.A3 2.59 
BIB-A 7.96 8.-43 

All  the paraaeten  required  for scaling by approach 02 appear to be 
well  controlled,   particularly as  the container size  Is   Increased.     'Hiere- 
fore,  approach    2  Is  the  prlwiry  technique proposed  for use  In the haz- 
ards  classification procedure.     In  the hazards  classification procedure 
this  technique  is  •impliried soaewhat by conMnlng parameters.       The user 
will   be  reoulred   to estimate  an effective   flame  emissive  power  E, • £-. 
0(Tf    -  Ta*).     By plotting  Ef  v^raus the  test vessel  size,  scaling can 
be obtained without  going  Into details such as equivalent   flane   tempera- 
ture or absorption coefficient.     Ef Is estimated  for the full   scale by 
extrapolating  from  the experimental  curve.     This valae   Is   then mere'y 
multiplied  by  the  configuration  fac.or  F determined  from flame height 
and width as  discussed above, 

Firespread  Test 

Purpose 

j ,,   ^  an aut:onMl:ed P13"^   for   the manufacture of explosive and/or pro- 
pellant  substances,   materials  In various  stages of  the manufacturing pro- 
cess are   frequently moved on conveyors   from one work station to another 
within a building,  or  between buildings.     In  case  an accidental   fire 

, should start  on one of  these convejors.   It  is obvicuslv  important  to ex- 
tinguish  the  fire  be   .re   it  propagates  to  the next worV station or  the 
next  building.     Means  are available  for sensing  the presence of   fire and 
for  controlling  it.  but  all   require sonc   time   for detec.ion and activa- 
tion.     The   tine  required   to  control  a  fire must be shorter  than  the  time 
It would   take   the  fire   to  propagate   from one  sensitive   location to  t;e 

j next.     In   fart,   the potential   rate of  fire  spread  along a  conveyor would 
. •■       . dictate  the mlntaun safe  conveyor  lengths  between  work  stations  and/or 

ji between  buildings.     That   is     the conveyor   lengths must  be  suffIcientlv 
! \ firea,: so a  fIre on a conveyor can be controlled befor-  It reaches  the 

next  sensitive   location.     The  rates  of   flam, spread along  conveyors  In 
various  stages of   the BMnufacturing  process  are  therefore critical   fac- 

M tors   In   the  layout of   the plant  facilities. 

Current State of the Art 

Rates of   flame  spread differ w.delv  for different  combustibles;  and 
for   the   Inprocess materials considered  here,   thev mav ranre   from centi- 
meters per mln.   to  hundreds of neter per sec.     Furtheraore.   the rate of 
flame  spread   Is not  a  unique physical   property of a substance,  but  de- 
pends  on many variables   th.-t night affect   the rate of energv  release bv 
the burn   ng material,   and  the .amer  In which   the energv   is  diss-ated'. 
Such  variables may   include,   for exaapla.   the  thickness of   the  fuel   layer 
its  geometric  configuration   (e.g..   flakes,   pellets,  povders). whether or   * 
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no., a coir-eyor  Is covered and  the distance between   rh^  f     i 
the  cover,   the direction of  time   traveWhn^       ?  f surface  and 
air ..ven.ent over  the ^rJ^'SySni^r^." " * "^ an8le)' 

of nZoi^rt^z^uo^i^i^.^ znnz \hv- 
Kh^:.^f-^cSr^- R^'^-^^ 
scale condition of actual  use       ThiVf    ° Spread  for a  ful:- 
materlal  co^idered he^e but^Is^ or ^rHr 2°' ^ ^  th*  type8 of 

buildings.     For such ordinary ,„^w.ry Wall-flnlsh materials  for 
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material's behavior,   the SL^y^! J^'.^^" Ww;ed8e ^ ■ 
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cally unacceptable quantUv-d st.nL ""f'" "^ the U8Cr lnt0 an economl- 
believe that his In^roccsfma erial wi irn^r' " ^ USer ha8 rea80n to 

In the full scale. L exper!me^ cL £ V proPa8ate "" that quickly 
tained  from the s^aUcr scar"eSts '  ^ diSPr0Ve  the re8ult ob- 

Experimental   Evaluation 

spread'^ra'rSr San'^mass3 'T'/T ^  8h0Wn  t0 be P^arily a  flre- 
"criticll  le^thln      ll^Ts^VrZlt dV* "CrltlCal  ^"^ 
M30 pellets.     Firespread  rJ^e "spread  tests were  required   for 
three  sample -atlSS^S ^L'tf reqUirKed  ^ *"* 0f   the other 

exist  i. a layer in  the1'::^?^^^:^:^^:^^'^ ^^ d0 ™ 
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In flrespread  tests,   celotex troughs (2A0 cm  (8 ft) long) were selected 
as a standard.     In  the hazards classification piocedure,   the process 
operation s actual  layer width and depth should be chosen  for the test- 
ing.     Also,  actual materials of construction should be  used  If  they are 
known.     In. our evaluation of  the   flrespread  test,  we varied  the  trough 
wldtn at  two sizes -  15 cm  (6  In.)  and  30 an   (12  in,)  and layer depth 
two sizes -- 1.27 cm  (1/2  In.)   and 2.54  en  (1  In.)   to determine   the sen- 
sitivity of results  to variations  in  these parameters. 

The  firespread  test  Is designed  to evaluate  the  damage potential by 
two mechanisms:     (1)  by  firespread   (I.e.,   is  the  flame   front velocity too 
fast   for  the deluge system  to respond  in  Clw?)and  (2)  bv  remote radiant 
heating   from  the  flame   (only   if  the l-.yer   is  not   covered).      If   the actual 
system  is covered,   the test should also be done with a cover over the 
layer since  this   is  likely  to enhance  the  firespread.     If  the  actual 
layer  is not covered,   flame  radiant heating  is a potential hazard and 
should be evaluated   in  the  test.     In order  to be able   to evaluate both 
irespread velocity and remote heating,  we conducted our series of  tests 

In   the uncovered   configuration. 

The arrangen^nt  is  shown  in  Figure 59.     The layer of pellets was 
in ..tinted at  the  far end  In  the  photograph  using a gas burner.     Radiome- 
ters measured  heat   flux.     Movies of   the end   and  side  views  gave  flame 
shape a.u. fiame   front  velocity.     Flame  front velocity was also measured 
using  light   sensors,   seen   In  Figure  59  at   everv   foot  of   the   trough's 
length. " 

The  flame   1ront   velocity data   for  the six   firespread   tests  are 
plotted   in   Figure  60.     Tests  FS-1   and   FS-2  were both   In   1.27  cm   (1/2   In.) 
deep.   15  cm  (6   in.)   wide   troughs.   FS-1   used  an  old  batch of M30  pellets 
with much  of   the solvent  evaporated.     Vest   FS-5 was  the  same  as   FS-2 ex- 
cept  the  trough was   30 cm  (12   in.) wide.     These  three  tests gave sl-nllar 
veloctv  profiles   (   0.03 m/S).     There   is  „pparentlV  some  enhancement  dul 
to a higher solvent   concentration  (as would  be  expected)  and some enhance- 
ment  due  to  Increasing  the   trough width,  hut   these effects are not ex- 
tremely  strong.      In   all   three  cases,   the  velocity  remained   fairly  con- 

l£!»»K        If   leTh 0f  ti,e tr0l!Rh•   so "trapolatlon to  the  full  scale length would not   be  a  problem. 

fft   lnTW?iFS"V,mi  re"4 WOre b0tI,   in  3  "^  cm  (1   in->  deeP  lay".   15 cm 
or  FS   *W nVr, "P6*1^"1^ W^ ■""■"   ^r  these  two  tests.     The data 
.   FL^ M "^ fit   t0 a COnCaVC  UpWard  C,,rve of  the  form ^own III   Usure  61   in  oruer  to extrapolate   to  longer   trough   lengths.     The  flame 

tr.vel   time   tor   the   full   scale  system   t.   can  bo  computed   from  the expre^- 
si on 

T    ■ 
I     V(x)" 
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Fig 59  Flrespread test arrangement 
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Where X Is the full scale trough length, x Is length, and V(x) is the 
flame front velocity versus distance relation.  If T is found to be 
greater than the total response time of the fire detection/extinguish- 
nent systera to be used in the plant, either the trough should be made 
longer or the response time of the detection/extinguishment system should 
be improved. 

In Figure 60, test FS-7 (30 cm wide by 2.54 cm deep) was found to 
have a higher velocity profile than the other configurations. The veloc- 
ity profile for this single test was not well defined.  If the actual 
systera were 2.54 cm (1 in.) deep by 30 cm (12 in.) wide, several repeat 
tests should be done to better define the curve shape in order to extrap- 
olate to the full scale length. 

While in general, the flame front velocity was found to increase 
strongly with travel distance, the flame size appears to stabilize after 
a short distance, although It is somewhat erratic.  Flame width and height 
are plotted in Figure 62 for the tests where movie film coverage of the 
side view was available.  Flame thickness was obtained from the end view 
movies.  Flame shape is strongly related to the remote radiant heat flux, 
and although the data is somewhat erratic, flame shape can be used to de- 
fine the naximum remote heat flux produced in a full scale fire. 

Thi heat flux from a flame, q, can be estimated from the following 
expression: 

Where Cf Is the effective flame emissivity, a  is the absorption coeffi- 
cient, x Is the flame thickness, F' is the configuration factor for radia- 
tive heat transfer from the flame to the target, F is the configuration 
factor for a target directly facing the flame and cos 0 accounts for the 
normal to the target';; surface being offset by an angle 6, a is the Ste- 
fan-Bolt zr:ann constant, Tf Is the flame temperature and T is the ambient 
tenperature.  The shape factor Is given by relations devefoped by NACA 
and presented In NACA TN 2836 (see Figure 52).  In Figure 52, W is the 
florae width, h is the flame height and d is the distance from the flame 
to the target. 

Flame temperature can be roughly estimated from the flame color seen 
in the movies.  Based on the yellow color seen in the movies, flame temper- 
ature would be expected to be on the order of 930oC (1700oF) to 1040oC 
(1900C,F).  To estimate a, we chose to use test FS-7 and 1040oC (igOO^F) 
as a standard.  This yielded an a  of 0.83/cm (0.252/ft), which Is reason- 
able for flames of this type.  By using this value and rearranging the 
expression for heat flux, the effective flame temperature Tf could be 
computed for each test where heat flux and flame size data were available. 
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The flame tenferature computations are presented In Table 25.  In all 
cases except test FS-1, the flame temperature was right In the range 
930oC (1700oF) to 1040oC (1900oF).  Test FS-1 used an old batch M30 pel- 
lets with most of the solvent evaporated. The  other tests used fresh 
sample,  it appears that the effective flame temperature can be assumed 
to be a constant for a given sample material.  Once the effective flame 
temperature Is known, scaling can be accomplished purely based on the 
flame shape using the heat flux equation given above.  Based on the fire- 
spread test results, a conservative flame temperature of KMC^C {1900oF) 
can be used and flame shape can be Inferred from Figure 50 In order to 
estimate the heat flux which would be produced from a fire in a full 
length trough. 

Cloud Explosion Test 

In process operations, there are many systems In which a fine powder 
or a vapor is dispersed in air Inside of a container.  These systems in- 
clude pneumatic mills (e.g., jet mill), pneumatic mixers, cyclone sepa- 
rators, pneumatic ducts, etc.  For these systems, the process material 
which presents a potential hazard is the chemical dispersed In air rather 
than the chemical by itself.  To characterize the potential explosion 
hazard for such a system, the Hartmann dust exploslbility apparatus (Ref 
22) or the Bartknect apparatus (Ref 23) can be used.  The Hartmam ap- 
paratus is suggested for use in the hazard classification procedure at 
the present time because the test method is well established and the ap- 
paratus exists at many facilities.  It has been shown that the Hartmann 
apparatus is too small for scaling the pressure rise characteristics of 
a cloud explosion (Ref 23), while the Bartknect apparatus is sufficiently 
large.  In addition. The Bartknect apparatus can test vapors as well as 
dusts.  The Hartmann is only for dusts.  Therefore, tests done in a Bart- 
knect apparatus are atleast as good as Hartmann results and always ac- 
ceptable.  However, since the Bartknect type test requires a large costly 
chamber and the equipment Is presently only available at about three 
laboratories, the Hartmann test will be used for the present. 

In the hazard classification procedure, only a general test descrip- 
tion is provided.  The ASTO E-27 Dust Subconnlttee has a detailed draft 
of a Standard Dust explosion test using the Hartmann apparatus.  The 
draft is still not ready to be released and is therefore not incorporated 
in this report.  However, it is suggested that the final ASTH  Standard 
for this test be adopted for hazards classification when the standard is 
finalized. 
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\ HAZARDS CLASSIFICATION PROCEDURE 

"high credible" valu^ III K       7ecIflc  Process being considered.     The 

type of process operatJon-^r K K ^ ""^ Values t0 u8e for "ch 
the sef.sUlvIty cl^mc^-SVlJ*"3' WOUld n0t be warran^d t* that 
tative IndicatLn orjoi r k^lv L0!^3^/0 be an ^P-xtoate quali- 
wlU  be  the most likely ca^es      ?hif J  f S/0 OCCUr and Whlch atia^ 
handling of  the materlL    3 ^       V mati0n ls USeful   for  ^ 
result  of an  initiation      5£ «5 ^Portant  as knowing  the ultimate 

tlon ProcedurelSer^'he^^f^ reSu^aa^n1" Ji-18 ^^ ClaSSlfi- 
characterlzes   the  materlil  In ,111 evalUatlon-     The effects evaluation 

an  initiation.     ^rS ^ a    g" ^      £^^^2 COnSe''Ue"- °f ' 
to adopt  them bettor  to  Inprocess situa  SL       A    tJ?** expanded  lightly 

.nd four .ffeo."^".8 ^V,^ '£1^7 "" ^ """"^ "«' 

Screening Tests 

1. Critical   Diameter:     Can  the material sustain an  existing 
detonation in  Its  process vessel? existing 

2. Tube Transition:     Can a  detonation develop from a  flame 
In  the process vessel? K »to» «  name 
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3. Critical Layer Thickness; Can the material sustain an 
existing detonation In the process layer depth? 

4. Layer Transition: Can a detonation develop from a flame 
in the material at the process layer depth? 

Effects Tests 

1. Mass Explosion Test:  Characterizes explosive airblast 
and fireball 

2. Cloud Explosion Test:  Qiaracterizes severity of a dust 
or vapor explosion in the process vessel 

3. Mass Fire Test:  Characterizes the potential for the 
spread of fire and damage from a mass fire of the mate- 
rial in bulk. 

I 4. Firespread Test:  Characterizes the fire severity and 
1 flame spread rate for nacerials in layers 

I The first possibility was to onit the screening test* and begin with 
the most severe effects test.  For example, always conduct the mass ex- 
plosion test first (except for dust or vapor clouds).  If the material 
is not classified as a mass explosio-t hazard by the test, then go to the 

, next lower effects test, the mass fire test, and so on.  When testing 
i this approach using the test results for the four sample materials evalu- 

ated, it was found that the sample would always be classified conserva- 
tively (all four naterlals were class 1.1A, mass exploslen hazard).  This 
result was felt to be unreasonably stringent in that in a real accident 
some of the materials clearly would pose a fire hazard and not an explo- 

; sion hazard. 

The second approach was to use only the critical dimension tests 
(ask, is   the material detonable?) and not use the transition tests to 
help select the most appropriate effects test to be done.  In using this 
approach, we are not concerned with whether the detonation develops in 

( the particular process vessel being studied.  Rather, detonation could 
| develop elsewhere and the sample being tested must only be able to prop- 
( I agate the detonation in order to be classified 1.1A.  This approach is 
>1 probably the nost realistic conceptually ho' ^ver, when trying it using 

the tept results for the four sample materials, the approach was found 
i] again to be overly conservative. 

l' The third approach which was tried adds the transition tests to help 
in screening.  This approach assumes that initiation must originate and 

,! build to a detonation in the process vessel being evaluated, in order for 
the sample to be classified 1.1A.  By adding the transition testa to the 

"!    . screening, the nost reasonable results were obtained for the four sample 
\ materials tested.  The Judgement of what was reasonable vas based on ob- 

servation of the effects tests and consideration of the actual process 
configurations.  None of the approaches embody perfect logic for routing 
the evaluation to the most proper effects test, but the third approach 
seems to embody the best balance of optimisms and conservatisci co gener- 

J' ally ^ive the most realistic answers. 

r. 
i 
l 
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PROCEDURE VALIDATION AND CONCLUSIONS 

In order to assure that the overall >rocedure logic Is reasonable 
and that the required test procedures do not embody unforseen problems, 
the hazards classification procedure has been applied to the four sample 
materials selected in the previous project. 

The four sample materials used in this program were quite old when 
testing was done and do not necessarily accurately represent the actual 
inptocess materials. Therefore, we were not accurately classifying the 
four materials here. They were used only to test out the validity of 
the procedures being proposed. In order to test the overall hazards 
classification procedure using Lnese samples, the following assumptions 
were made concerning the process operations from which the saapl^s we e 
extracted: 

1. The RDX slurry is assumed to be from a conveying opera- 
tion most similar to a chute.  It is assumed to exist in 
the nearly dry form as it was received, rather than as 
15 percent solids in water. 

, 2. M30 pellets are assumed to exist inprocess on a belt con- 
. | veyor dryer which ta 6 m long by 0.3 n wide by 1.27 cm 

deep.  The belt is assumed to be inside a large 2.4 a 
(8 ft) tall oven with other conveyors.  The material on 
the other conveyors could be ignited if the original fire 

I were severe enough. 

4 3. M26 paste is assumed to exist inside a 0.9 m diameter 
by 1.52 m long vessel. 

4. After extrusion, the Ml strands are aasuraed to be piled 
into a container which is 0.3 m diameter by 0.61 ra long. 
The room's ceiling height is 6.1 m, or about 5.5 m 
above the top of the container. 

! > 5. All process vessel walls are assumed to be 0.32 cm 
'! (1/8 in.) thick. 

J These assumptions may or may not be correct for the actual system.  How- 
ever, since we aren't really concerned with accurately classifying the 

■ materials, these assumptions will serve well to test out the procedure. 

The results of the classification of the four materials are sunraa- 
rized in Tables 26 through 29.  The procedure seems to work reasonably 

, well.  No problems were encountered in applying the system to the four 
[ sample materials tested.  A qualitative description of the likelihood of 

initiation and most probable stimuli is provided as well as what seems 
to be a realistic effects classification.  Whether or not the procedure 

i realistically classifies all inprocess materials needs much more exten- 
ds sive validation.  A more thorough validation of the procedure may indi- 
i'. cate that some of the specific criteria values need to be shifted somewhat 

or that some aspect of the overall logic needs adjustment. 

i 
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Table 26 
a 

I 

j 

;! 
>\ 

^j^.   Classification of RDX slurry 

Sensitivity evaluation 

Test required Inprocess Sample      Safety 
 ,  potential sensitivity factor 

Local impact 5.3x10 j/n/ 1.9xl06J/m2 36 

Impingement 10 m/sec 180 ra/sec (Ref 19) 18 
8    2 R          ' 

Rubbing friction 4.9x10 w/m >4,65x10 w/m' >0.95 

ESD charging susceptibility (Marginal—relaxation time » 25 msec) 

j                   ESD ignition 0.17 j > 1 j 5.88 

Thermal ( uitoigr.ition) 100°C 255<,C 2.55 

Thermal (local hot spot) 1000oC > 1066 > 1.066 

System safety factor > 1.066 
due to thermal stimuli 

Effects evaluation 

(1) Critical diameter was found to be < 0.6A cm. 
(This is less than the process vessel diameter, therefore the tube transi- 
tion test is required.) 

(2) Critical length was found to be negligible. 
(Tnis is less than the process vessel length, therefore the mass explosion 
test is required.) 

(3) The TNT equivalency for the RDX sample was found to be about 120^. 
(This is greater than 10Z, therefore the material is Class 1.1A, mass 
explosion ha/aru.) 

Classifications 

Class 1.1A (mass explosion hazard) 
> and 

SENSITIVE due to thermal stimuli 

■ 

Note, tests were done with the RDX as received. The as received material 
required the addition of a significant quantity of water to realistically 
siwulate the actual inprocess material form. 
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Table 27 

Classification of M26 paste 

Sensitivity evaluation 

Test required 

Local lopacc 

Rubbing friction 

Inprocess 
potential 

5.2 xlO4 j/m2 

6.5 xlO9 w/m2 

Sample 
sensitivity 

6.92 xlO5 J/m2 

>7.20xl08 w/m2 

Safety 
factor 

13 

>1.1 

ESD charging susceptibility (Not susceptible—relaxation time - 0.2 msec) 

ESD ignition 0.17 j            1 J         5.88 

Thermal (autolgnitlon) 1240C     1830C (assumed value)  1.48 

Thermal (local hot spot) 1000CC           500oC         0.5 

System safety factor ■ 0.5 
due to thermal stimuli 

Effects evaluation 

(1) Critical diameter was found to be about 0.9 cm. 
(This is significantly smaller than the process vessel diameter, 
therefore the tube transition test is required.) 

(2) Critical length was found to be about 9,1A cm. 
(This is significantly shorter than the process vessel length, 
therefore the mass explosion test is required.) 

(3) The TTJT equivalency of M26 paste was found to be between 80 and 
1302,  (This is greater than 102, therefore this material is 
Class 1.1A, mass explosion hazard.) 

i 
Classifications 

Clasb l.lA (mass explosion hazard) 
and 

SENSITIVE due to thermal stimuli 

r 
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Table 28 

Classification of Mi strands 

Sensitivity evaiuation 

Test required 

Local impact 

Rubbing friction 

ESD charging susceptibility 

KSD ignition 

Thermal (autoignlcirm) 

Thermal (local hot spot) 

Inprocess Sample 
£OtentJaJ_        sensitivity 

6.76* lO4 J/m
2 >3.Uxl06 j/.2 

■i.-JOxlO8 w/m2 >1.48xl08 u/rc
2 

Safety 
factor 

> 46 

>0.3 

(Highly susceptible to changing-relaxation tine 

0.17 j 

340oC 

1000oC 

HS^ (Ref 19) 

7860C 

> 5.88 

0.J.7 

0.786 

System safety factor « 0.347 
due to thermal stinull 

Effects evaluation 

(1) Critical diameter was found to be about 1 9 cm 

i^st;:n^;;nrt^tni:hre^dr)vessel di—-•theref- -* 
(2) %lVCf  !enRth Was found to be 8reatcr than  1.37 B. 

Uhls Is larger than the process vessel J.-noM, ru„~   e 
test Is required.) "ngth, therefore the aass fire 

(3) The mass fire test IndlejtnH ti,-i» »i,„ n 

criter'n «f n 77H .,/  2  ^, at j m Is greater than the 
crmr.a of 0.728 w/cm-. Therefore, the material Is class 1.3A.T 

CMasslficatlon 

Class 1.3A (mass fire hazard) 
and 

SENSITIVE due to thermal stimuli 
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Table 29 

Classification of M30 pellets 

Sensitivity evaluation 

Test requlfed 

Local impact 

Impingement 

Rubbing friction 

ESD changing susceptlbili 

ESD igniticn 

Thermal (autolgnltion) 

Thermal (local hot spot) 

Inprocess 
potential 

Sample 
sensitivity 

Safety 
factor 

b.3x 104 j/m2 >«,45xl0b J/m2 >8.5 

10 m/sec 

A.9x 108 w/m2 
63 m/sec (Ref 19) 

> 1.23xl08 w/m" 

6.3 

>0.25 

(Not susceptible- -relaxation time - ] .3 msec) 

0.17 J > 1 J > 5.88 

A810C I70oC 0.35 

1000oC 1035 1.035 

System safety factor » 0.35 
due to thermal stimuli 

Effect? evaluation 

(1) Critical layer thickness was found to be about 7.6 cm. 
(This is thicker than the process layer depth, therefore, the fircspread 
test is required.) 

(2) The flame spread test showed the maximum flame height to be about 2.3 m, 
the naximuit heat flux at   3 m to be about 0.24 w/cm% and the estimated 
flame travel time to be about 174 sec across a 6.1 m long layer.  (The 
Litclofure Is assumed to be 2.47 m tall .-'nd the flame height is within 
10% of this value, therefore, the material is class 1.3A, mass fir.; 
hazard.  Note, that this Is a borderline case.  If the flame vere slightly 
shorter, the heat flux and flame spread time are both well on the s.Me 
side of their criteria and the material would have been class 1.4, minor 
hazard.) 

ClTsslftcation 

Class 1.3A (nass fire hazard) 
and 

SENSITIVE due  to  ther-nal   stimuli 
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RECOMMENDATIONS 

For these reasons, it is recommended that a much more extensive valida- 
tion of the procedure be conducted.  Materials with known accident histories 
(good as well as bad) should be used so that a clear indication can be ob- 
tained whether or not the procedure conclusions are realistic. 

It is also reconiaended that a program be devoted to assuring that 
the required sensitivity tests for each process operation fi  well as the 
inprocess potential energies for each case are realistic.  It is suggested 
that each case (that is each stluulns for each process operation) be 
looked at in detail to assure that the inprocess energy levels with wh.fch 
the sensitivity test results are to be compared are indeed realistic "high 
credible" values.  It should be kept i:i mind that the primary classifi- 
cation is based on the effects of an initiation rather than on the mate- 
rial's sensitivity.  However, to assure that the sensitivity evaluation 
is meaningful (even qualitatively) the required tests for each process 
operation and the inprocess potential energies should be carefully scru- 
tinized and selected with confidence. 

Several of the prop ised test methods could still be improved some- 
what with additional work.  For example, the rotary friction apparatus 
used on this progran was made up of available components and used a drill 
press structure as the framework.  The apparatus was quite sturdy and 
worked reasonably veil, however, a special design for the equipment using 
optimum components should provide a substantial Improvement.  In the ESD 
ignition test, more research into the relation between spark gap, capa- 
citance, spark enercy and electrode configuration may lead to a reduction 
In the number of tests required.  The tube transition test may also be 
improved with better understanding from additional testing.  The test is 
the final stage of an evolution process which occurred during the program 
and only one trial was completed frr each sample in that configuration. 

Finally, It is feit thnt the proposed hazards classification proce- 
dure is reprr.r-.r;uative of the current state of the art.  Since our under- 
standiit;; of the various phenomena is continually advancing, it is recom- 
mended that the procedure be reevaluated periodically (e.g., once every 
five years) and modified to reflect advances in the state of the art. 
It Is also suggested that a comprehensive effort be directed toward de- 
fining criteria for safe handling and safe separation of the materials 
in each class.  A substantial base alreadv exists in this area but em- 
phasis ha? been on mass explosions involving materials in storage or 
transport.  Work is needed for inprocess materials, particularly in de- 
fining safe handling and safe separation critierla for the effects other 
than mass explosion. 
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APPENDIX C 

JUSTIFICATION FOR CHOOSING SPECIFIC SENSITIVITY TESTS 
FOR EACH PROCESS OPERATION 

i 
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JUSTIFICATIONS FOR CHOOSING SPECIFIC SENSITIVITY TESTS 
FOR EACH OF THE DIFFERENT PROCESS OPERATIONS 

.I -It Conveyors 

1. Inpact 

• on layer or individual particles, whichever is appropriate 

• from dropped item (e.g., tool) or mechanical failure of 
machinery 

2. Impingement 
• during loading and emptying, dropping particles onto belt 

or into nsxt container 

3. Rubbing Friction 

• powder on slipping rollers, etc. 

• person pushing article across apparently empty belt 

U.   ESP 

--OT determination 

• removing particles at exit end of belt 
(very unlikely scenario -- omit) 

Bed/layer ignition (if vapor is present evaluate ignition 
there too) 

• discharge from ungrounded person 

5. Thermal 

Local hot spots 

• welders spark 

• cigarette cinder 

r fire brand (secondary event) 

• hot metal fragment from part failure 

Autoignition 

9  heat generated from stuck roller, failed bearing, 
belt slippage, motor burnout, etc. 

6 Compression/Pinch 

• material caught betv/een belt and roller 

• material gets into moving parts 
(falls under category of weak, slow impact) 

Screw Conveyors 

1. Impact 

Within bulk 

• machine failure causes impacts internal (weak) 
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on layer or particle 

• human impacts (dropped part/hitting boIt)during 
maintenance, cleanup 

2. Impingement *# 

• during loading/emptying of machinery 

3. Rubbing friction 

• clump or individual particle gets caught between 
screw tube wall 

A. ESP 

COT detemination 

e charge buildup as powder is rubbed on screw tube wall 
Bed/layer ignition 

• breakdown within powder bed 

• discharge from ungrounded person to dust present on 
outside of tube or at entrance or exit hoppers 

5. Thermal 

Local hotspots 

• welders spark, cigarette, fire brand at entrance or exit 
hoppers 

» hot metal chip from part failure 

Autoignition 

.  .It c.tal shaft transmitting heat from motor burnout 
6. Compression/Pinch 

• particles pressed in machine parts 
(falls under category of weak, slow impact) 

Bucket Conveyors 

1. Impact 

On layer or individual particles, whichever is proper 

• from dropped item or mechanical failure of equipment 

2. Impingement 

• on filling or emptying buckets 

3. Rubbing Friction 

• person scraping to clean out bucket 

• powder gets caught in moving parts 

4. ESP bed/layer Ignition (if vapor is present, evaluate vapor 
ignition also) 

• discharge from ungrounded person 

5. Thermal 
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Local hot spot 

• welders spark, cigarette, firebrand 

Autoignition 

• dust/powder gets on hot motor, failed bearing, etc. 

6. Compress ion/Pinch 

• powder gets into moving machine parts 
(falls under category of weak, slow impact) 

Pneumatic Conveyors. Jet Mill, Air Mixer. Cyclone, Dust 
Collector, etc. 

1. Impact, on layer 

• person chipping off scale on inside equipment walls 

• dropped item during maintenance 

2. Impingement 

• particle-wall, particle-particle impacts during operation 

3. ESP particle cloud ignition 

• discharge within material clcud inside equipment 

- from charging with cloud (not likely to be Strong) 

- from charged ungrounded equipment part inside item 

A. Thermal 

Local hot spot 

• incendiary spark produced by foreign piece of material 
which got into the system 

Autoignition Temperature 

• dust leaks and gets on blower motor 
(very weak argument -- omit) 

5. Compress ion/Pinch 

• dust gets into blower moving parts 
(very weak argoment) 

Hoppers 

1. Impact 

Within Bulk 

• butterfly valve at exit closes on individual particles/ 
layer (whichever is proper) 

• item dropped into hopper 

• chipping out residue during cleanup 

• dropped cover 

• person hits bolt to loosen 

2. Impingement 

272 



• particles hit tall on filling 

3. Rubbing Friction 

• person scraping out residue during cleanup 

4. ESP 

COT determination 

• bed charging upon emptying 

Bed/layer ignition (consider vapor if present) 

• within sliding bed (not likely) 

• from ungrounded person 

Cloud ignition 

• discharge from lip of entrance duct upon filling 

5. Thermal 

Local  Hot   Spot   (Open Hopper Only) 
• welding,   smoking  firebrand 
Autoignition 
• dust  gets on hot motor,  etc..   In vicinity 

(weak argeraent   -- omit) 

Tote Bins 

1. Impact 

Within Bulk 

• closing of exit valve (weak argument) 

On layer or individual particle 

• item dropped into bin 

2. Impingement 

• particles falling into bi' on filling 

3. Intermediate Scale Impact 

• bin gets loose from operator and rams into another 
equipment item 

A. Rubbing Friction 

• person scraping out residue on cleaning 

• dust on floor stepped on or slid on by bin wheel 

5. ESP 

COT determination 

• bed charging upon emptying bin 

Bed/layer ignition 

• within sliding bed 

• from ungrounded person 
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Cloud/vapor ignition 

• ungrounded bin discharge to filling/emptying 
flexible connection upon filling/emptying 

5. Thermal 

Local hot spots 

• welding, smoking, firebrand for open bin 

Autoignition 

* dust gets on hot motor, etc. 
(weak argement --omit) 

Screening 
I 

1. Impact ; 

On layer or individual particles (whichever is appropriate) 

• dropped item 

• equipment failure (e.g., shaker linkage) 

2. Impingement 

• particles falling from a screen level to the next 
level or onto the bottom surface 

• particles falling onto a screen upon filling 

3. Rubbing friction 

• powder getting caught in moving screen 
(e.g., between wires) 

• person scraping wall during cleaning 

A. ESP 

Bed/layer ignition and cloud ignition (vapor if proper) 

• discharge from person upon cleaning 

• discharge from ungrounded screen or partly insulated 
screen wire's 

5. Thermal 

Autoignition 

• dust gets on hot shaker motor external 

• motor burnout heat conducts into screen parts 

Pressing 

1. Impact 

On layer or individual particle (whichever proper) 

• failure of machine parts 

• dropped item during maintenance 

• person trying to pry/knock out stuck cake 
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2. ImpinRement 
• particles entering mold during filling 

3. Viscous Friction 
• extrusion of material around edge of press with 

poorly fitting mold 
(design and special safety problem) 

4. ESP bed/layer ignition (consider vapor if exists) 

• discharge from ungrounded person r 

5. Thermal 
Local hot spot/autoignition (depending on size of loreign 
part) 
• foreign metal piece deformed in mold or shears a chip off 

the mold wall 

• welding, smoking, firebrand 
(weak arguments) * 

6. Compression/Pinch i 
 dP 
• over design max Pressure (P) or g^— 

(design and special safety problem) 

7. Intermediate Scale Impact 

• cake dropped 

8. Rubbing Friction 

• friction during cake removal 

Extrusion 

1. Impact 
On layer or individual strand (whatever is appropriate) 

• due to equipment failure 

• due to person dropping item onto strand, etc. 

2. Viscous Friction 

• overdesign extrusion 

• extrusion with foreign piece 

3. Rubbing Friction 

• friction as strand or sheet moves through die 

t person steps on strand and slides 

A. ESP bed/layer ignition 

• discharge from ungrounded person 

ESP  COT determination 

• charge buildups on strand as it passes through die 
(discharge on surface back to die lip) 
(weak argument — omit) 
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5. Thermal      <•#- 

Local hot spot 
• foreign part pushed through die 

• welding, smoking, firebrand 

Autoignition 
• ignition to heating of foreign material in die 

(design and special safety problem) 

6. Compression/Pinch 

• compression of material in die 
(design and special safety problem) 

Mills 

1. Impact 

On layer or individual particle 

• machine part failure 

• tooth impacts on chunks 

2. Impingement 

• particle impacts on teeth 

• particles dropped onto the machine on filling 

3. Intermediate Scale Impact 

• hammer mill hitting chunk of material 

4. Rubbing Friction 
• powder pets into bearing, moving parts 

• scraping wall on cleaning 

• chunk rubbed between tooth and wall 

5. ESP 
Cloud ignition (not likely) 

• discharge of particle cloud within cloud 

• ungrounded cutter discharges in cloud 

6. Thermal 

Local hot spot 
• foreign particle enters (incendiary spark) 

AutoiRiiit inn 
• hot shaft heated by motor burnout or bearing failure 

7. Compress ion/Pinch 
• powder gets into moving parts (e.g.. bearing) and is 
crushed there 
(handle as slow, weak impact) 
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Glazing. Coating and Batch Drum Operations 

1. Impact 

Within bulk, on layer or particle 
• foreign part (e.g., tool) tumbles inside drum 
• person drops item into drum 
• slamming drum door closed 

2. Impingement 

• particles dropped into drum 

• particles tumbling in drum 

3. Rubbing Friction  6  ! 
• person cleaning out (scraping) drum 

• powder caught in drum shaft bearings 

• opening/closing door in drum 

4. ESP 

COT determination 

• bed charging of powder sliding in drum 
(weak argenent -- omit) 

Bed layer ignition 

• ignition within charged bed 

• from ungrounded deflector plate/etc. inside drum 

• from person discharge 

Cloud ignition 

• from ungrounded part inside drum 
(e.g., foreign metal piece) 

5. Thermal 

Local hot spot (open drum only) 

• welding, smoking, firebrands, etc. 

Autoignition 

• Operation at overdesign temperature 

Dryer 

1. Impact 

On individual particles or layer (which is proper) 

• person drops item onto layer on belt 

2. Impingement 

• particles hitting surface on filling or emptying 

3. Rubbing Friction 
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s 

• powder/dust getting between belt/rollers, in bearines 
etc. • ' 

4. ESD layer ignition (consider vapor of present) 

• ungrounded person 

5. Thermal 

Local hot spot 

• welding, smoking, firebrand 

• hot chip from part failure 

Autoienition 

• over design drying temperature 

Intense Radiant Heating (specialized) 

• sonae systems were at one time suggested using intense 
radiant heating to vaporize liquid in drying 

6. Conpression/Pinch 

• dust/powder pinched between belt/rollers or gets in 
moving parts 
(handle as slow, weak impact) 

Melt Pour. Casting 

1. Impact 

Within bulk 

• agitator impact 

On layer 

• dropped item on liquid 

• person chipping at residue on container wall 
during cleaning 

2. Interaediate Scale Imnact 

• melt kettle dropped or hit another item during 
pour operation 

3. Rubbing Friction 

• scraping at kettle wall during cleaning 

• agitator rubs build up residue on container wall 

4. ESD bed/layer ignition (consider vapor if there) 

• ungrounded person 

• ungrounded kettle 

5. Therrr.al 

Local hot spot 

• welding, smoking.  firebrand 

Autoignition/Runaway chemical reaction 

• overdesign kettle temperature 
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Chutes ^x 

1. Impact      <•# 

On layer or individual particles 

• dropped item 

2. Impingement 

• particles entering or exiting 

• particle-particle/particle wall impacts 
during travel 

3. Rubbing friction 

• during cleaning, scraping residue off wall 
4. ESP 

COT determination 

• bed charging 

Bed/layer, cloud, vapor ignition 

• ungrounded person 

• discharge within bed 

5. Thermal Local Hot Spot 

• welding, smoking, firebrands 

Autoignition 

• dust gets on other nearby equipment that is hot 
e.g., motor (somewhat weak argument) 

Reactors/Wash. Mix, Hold Tanks 

1. Impact 

Within Bulk 

• Agitator impact 

0" layer (somewhat weak arguments) 
• dropped cover 

• impact on residue on outside of vessel 
2. Rubbing Friction 

• Agitator scrapes on builtup layer of residue/scale 
3- ESP Vapor Ignition (if vapor is present) 

• discharge from ungrounded person 
4. Thermal 

• Runaway chemical reaction due to loss of cooling 
loss of mixing, leak in heat exchanger, operation at 
overdesign T. etc. (design and special safety problem) 
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Gravity Separators 

1. Impact (on layer) 

• dropped item 

• person trying to unclog chute to next vessel 

2. ESP 

EOT determination 

• charge separation on separating phases 

Bed/layer ignition (consider vapor of present) 

• at interface between phases 

• ungrounded person 

Rubbing friction i 

• person trying to unclog chute to next vessel 

3. Thermal 

Autoignition 

• operating overdesign temperature 

Centrifugal Separators 

1. Impact 

Within bulk 

• foreign part enters and is thrown to outer wall 

2. Rubbing friction 

• residue builds up on moving parts or bearings 

3. ESP 

TOT determination 

• charge separation with phase separation 

layer ignition 

• due to charge separation 

4. Thermal 

Autoignition/runaway 

• operation over temperature 

Filter 

1  Impact on layer or individual particle 

• dropped item 

2. Rubbing Friction 

• material gets into moving parts of system 
(e.g., between belt/roller) 
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• friction at belt scraper, especially with 
foreign piece caught there 

3. ESP 

Bed/layer ignition (vapor if present) 

• ungrounded person 

4. Thermal 

Local hot spot 

• welding, smoking, firebrand 

Autoignition 

• overdesign operating temperature 

• heating via failed bearing or burnout motor 

5. Compress ion/Pinch 

• material on moving machine parts, e.g., between 
belt/roller 
(handle as slow, weak impact) 

Flaker Drum, Belt Flaker 

1. Impact 
On layer or individual particle (both are present here) 

• dropper item 

• foreign part falls into product container with flakes 

2. Impingement 

• flakes falling into product container 

3. Rubbing friction 

• powder/dust gets into moving parts 

• friction at belt scraper 

4. ESP bed/layer ignition (vapor if present) 

• ungrounded person 

5. Thermal 

Local hot spot 

• welding, smoking, firebrand 

Autoignition 

• heating via failed bearing, burned out motor, etc. 

6. Compress ion/Pinch 

■ powder/flakes get pinched in moving machine parts, 
e.g. between belt/roller 
(handle as slow, weak impact) 
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Product Pumps  *♦"- 

1. Impact 

In bulk 
• part failure or foreign material 

2. Adiabatic Compression 

• compression of a liquid air bubble passing 
through pump 

3. Rubbing Friction 

• friction of impellar on builtup wall scale 

4. Viacous Friction 

• sheer flow of liquid through pump 

5. Thermal 

Autoignition 

• overtemp design 

• motor burnout 

• bearing failure 

6. Compression/Pinch 

• overdesign pressure 
(design problem) 
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DISTRIBUTION  LIST 

, Commander 
U.S. Army Armament Research and 

Development Command 
ATTN:  DRDAR-LC 

DRDAR-LCM 
DRDAR-LCM-S (12) 
DRDAR-SF 

j DRDAR-TSS (5) 
Dover, NJ 07801 

Commander 
U.S. Army Materiel Development 

Readiness Command 
ATTN:  DRCIS-E 

DRCPA-E 
DRCPP-I 
DRCSG-S 

5001 Elsenhower Avenue 
i ' Alexandria, VA 22333 

Commander 
USDitC  Installations  and 

Services Agency 
j ATTN:     DRCIS-R1-IC 

Rock  Island,   IL 61299 

Commander 
■ l U.S.   Army Armament Materiel 

Readiness Command 
, | ATTrl:     DRSAR-IR 
• 1 DRSAR-ISE 
* i DRSAR-LC 
? DRSAR-ASF 

DRSAR-SF 
>i Rock  Island,   IL 61299 

\ Chairman 
Dept of Defense Explosives 

Safety Board (?) 
Hoffman Bldg 1, Room 856C 
2461 Elsenhower Avenue 
Alexandria, VA 22331 
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; 
Project Manager for Munitions Production 

Base Modernization and Expansion 
U.S.   Army Materiel Development  and 

Readlnc-j Command 
ATTN:     DRCPM-PBM-T-SF 

DRCPM-PBM-EP 
Dover, U 07801 

Director 
U.S.   Army  Ballistic  Research Laboratory 
ARRADCOM 
ATTN:     DRDAR-BLE  (C.   Klnery) 

DRDAR-TSB-S 
Aberdeen Proving Ground,  MD  21005 

Defense Tech  Information Center   (12) 
Cameron Station Alexandria,  VA  2231A 

■ 

U.S. Army Engineer District, Huntsvllle 
ATTN:  Construction Divislon-HAD-ED 
P.O. Box 1600 West Srat ion 
Huntsvllle, AL 35807 

U 

Commander 
Indiana Army Ammunition Plant 
ATTN:     SAR1N-0R 

SARIN-SF 
Charlestown,   IN  47111 

J 

■A 

Commander 
Kansas Army Ammunition Plant 
ATTN:  SARKA-CE 
Parsons, KS 67537 

Commander 
Lone Star Army Ammunition Plant 
ATTN:  SARLS-1E 
Texarkana,   TX   57701 

Commander 
Milan Army  Ammunition  Plant 
ATTN:     SARM1-S 
Milan,   TN  38358 
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Commander 
Kadford  Army  Ammunition  Plant 
ATTN:     SARRA-IE 
Badford, VA 2^141 

Commander 
Holsron Army  Ammunition Plant 
ATTN:     SARHO-E 
Kingsport,   TN  37662 

Technical Library 
ATTN;     DRDAR-CU-L 
APG  Edgewood  Area,   MD  21010 

Benet Weapons  Laboratory    ■ 
Technical Library 
ATTN:     DRDAR-LCB-TL 
Watervllo  ,  HY   12189 

U.S.   Array Materiel  Systems 
Analysis Activity 

ATTN:     DRXSY-MP 
Aberdeen Proving Ground,   MD  21005 

Commander 
U.S. Army Armament Materiel 

Readiness Command 
ATTN:  DRSAR-LEP-L 
Rock Island, 'L 61299 

Weapon System Concept Tenm/CSL 
ATTN:  DRDAR-ACW 
APG Edgewood Area, MD 21010 

Director 
U.S. Army "'RADOC Systems 

Analysis Activity 
ATTN:  ATAA-SL (Tt-chnlcal Library) 
White Sands Missile Range, m  88002 


